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Abstract
The work presented in this thesis has been focus on developing the idea of mesoreactor based 
on mesoporous silica SBA-15. SBA-15 is a mesoporous material with highly ordered pore 
structure and tailorable pore sizes with narrow sizes distribution. SBA-15 has been utilized to 
provide reaction sites for electroless copper deposition and the support of the synthesized 
copper nanoparticles. Oxidation processes have been conducted in order to improve the weak 
ion-exchange capability of as-synthesized silica surfaces. The efficiency of oxidation 
processes have been studied through various oxidizing agents and time. The surface 
treatments of mesoporous silica have been proofed to affect the distribution of the 
nanoparticles. Copper nanoparticles of 5 nm with narrow size distribution have been 
synthesized without the use of any capping agents and are homogeneously embedded in the 
silica matrix. 
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Chapter 1

1. Introduction

About 2000 years ago, Romans discovered that nano-sized gold and silver particles embedded 
in glass have remarkable colouring (The Lycurgus Cup)1. However it  is until the mid 19th 
century that the properties of these gold nanoparticles examined by Michael Faraday 2 and 
scientists have gained nanometer control over the materials’ design since only 15 years ago.

Nanotechnology is nowadays a comprehensive field of science within material science, 
chemistry, physics, biology and electronic areas. By definition, nanotechnology  are sciences 
and technologies with new functional properties achieved by synthesis and control of nano-
sized structures3 accompanied with fundamental understanding. To make it more visualized, a 
nanostructure on desk is analogous to a needle head hundred kilometers away. On this 
astonishing small scale point of view, materials have very  different behavior and properties 
than in the macroscopic world.

Nanomaterials can be manufactured in completely different ways. Top-down methods, 
involve shaping nanostructures from larger units, while bottom-up methods are to design 
building blocks to self-organize.

The syntheses of mesoporous silica involve intermolecular self-assembly of block polymers, 
which determines the formation of micelles, i.e. the structure directing agent for silica 
precursors. Utilizing block polymers are ideal for nanomaterial fabrication due to their 
modifiability  on molecular level. Depending on their volume fraction and chain lengths, a 
range of 3D and 2D structures can be synthesized. After removing the organic template, the 
mesoporous material has fully  accessible end-to-end pores with ordered structure. With the 
controllable pore size distribution, this material has substantial amount of applications such as 
molecular templates, supported metal catalysts, wet chemical growth, biomedical vehicles, 
bio-specific sensing and target guidance system for nano particles.

The work presented in this report has been focused on utilizing mesoporous silica SBA-15* as 
a mesoreactor, i.e. to capitalize the high specific surface area and the uniformity of the 
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cylindrical mesopore structure as a host material. The goal has been to develop a method for 
the infiltration of metal copper inside the pores via electroless deposition, and to study how 
the electroless reaction affects the silica template.

The work presented in this report has been performed at Nanostructured Materials group  at 
the Department of Physics, Chemistry and Biology (IFM) at Linköping University. The report 
is divided in to two parts. The aim of the first  part is to give an introduction and a brief 
overview of the subjects relating to this work. The second part of the report is devoted to the 
obtained results and discussions.

SBA-15 is very likely  to become an important material for hosting and guiding reactions. 
However, this requires a deeper understanding of the assembled structure, transport properties 
and dynamic behaviors; which is not included in this work.

*SBA stands for Santa Barbara Amorphous.
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Chapter 2

2. Mesoporous Silica

A brief review of literature studies supporting this work is discussed in this chapter. It begins 
with a short history and introduction of the material, followed by the disputation on synthesis 
methods and the ways of removing organic templates. The literature studies were mostly 
focused on the applicabilities of SBA-15.

2.1 Introduction

Mesoporous silica describes a porous silica structure with a pore diameter between 2 to 50 
nm4. Mesoporous materials were first  developed in 19805, however they possess a wide pore 
size distribution and the structure are without long range order. It  was until the 1990s highly 
ordered and narrow pore size distributed structures could be synthesized, and research 
attentions have been draged in to this area since then6,7.

The first family  of mesoporous silica structure named MCM-X (Mobil Crystalline of 
Materials) was synthesized by Mobil Corporation laboratories and Japanese scientists in early 
90s8,9,10. These syntheses were performed under basic conditions utilizing quaternary 
ammonium cationic surfactants. Highly  ordered materials with high surface area (> 1000 m2 

g-1) were obtained, e.g. MCM-41 with a hexagonally ordered pore structure.

The first synthesis carried out with nonionic amphiphilic triblock copolymers was reported in 
1998 by Zhao et al11, and were denoted as the SBA-X series. Among those, SBA-15 possesses 
a two-dimensional hexagonal structure, which refers to the arrangement of close packed 
cylindrical pore channels are belonging to the p6mm space group. SBA-15 and MCM-41 have 
similar hexagonal features, but the SBA-X materials have an unique micropore connection 
between the mesopore channels.

Typical transmission electron micrograph (Figure 2.1) images hexagonally  ordered structure 
at the cross section of the SBA-15 particle, and parallel stripes along the z axis of the particle. 
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The contrast of the strips is originated from the silica walls. The size and geometry  of the 
particle are dependent on the synthesis conditions.

Figure 2.1. Typical transmission electron micrographs for SBA-15.

One of the advantages of utilizing SBA-15 is that the pore sizes can be easily tuned and 
controlled by  the addition of swelling agents such as alkanes12 or amines13. The sizes of the 
pores are narrow distributed and has a potential of size up to 18 nm with the addition of 
alkane. This is considered as a strength of the material because of the size of the pores is 
needed to be tailored to serve the desired application. Besides, SBA-15 have much thicker 
pore walls than the other families of mesoporous material, ranging from 0.7 to 4.8 nm14. This 
indicates a higher hydrothermal stability, and extends the applications. Moreover, the 
disordered micropore connection in the pore walls are of great interest in the manufacturing of 
high surface area replicas supported by the silica template15.

SBA-15 have consequently gained a lot of research attentions on developing a template 
material for the removal of toxic metal ions16,17,18, growing nano arrays19, supported metal 
catalysts20, biomedical vehicles21,22, bio-specific sensing23, and target guidance system for 
nano particles24.

2.2 Synthesis

The synthesis of SBA-15 is established in a sol-gel process. The sol-gel process is a self-
assembly  process in which the latter is defined as “the autonomous organization of 
components into patterns or structures without human intervention” by George M. 
Whitesides25. This involves the evolution of networks through the formation of a colloidal 
suspension (sol, solid particles with diameters of 1-100 nm26) and gelation of the sol to form a 
network in a continuous liquid phase (gel). The major benefits of employing sol-gel 
processing are the high purity  and uniform nanostructure achievable at low temperature, 
usually  could be applied near room temperature without the needs of controlled environment 
or vacuum systems. 
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The organic-inorganic self-assembly process is driven by weak chemical bonds such as 
hydrogen bonds and van der Waals forces between the surfactants and inorganic species. In 
this work, are the surfactant molecules and the silica precursors. The mesoporous silica 
structure is obtained after the removal of organic species. The knowledge of the conditions for 
assembling the surfactants are consequently essential for the formation of highly ordered and 
homogeneous structures6,27.

There are four main stages in the reaction of the synthesis of SBA-15, which are depicted 
schematically in Figure 2.2 and are described below.

I. Self-assembly of the amphiphilic surfactants in aqueous solution
II. Hydrolysis of silica precursors to form monomers
III.Condensation and polymerisation of monomers to form particles
IV.Agglomeration of particles followed by the formation of hexagonally ordered networks 

that extend throughout the liquid

All processes are affected by  the initial conditions. Accordingly, the characteristics and 
properties of a particular sol-gel system are related to a number of factors that affect the rate 
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of hydrolysis and condensation reactions, such as pH value, reaction temperature and time, 
reagent concentration, water to silicon or surfactant ratio, aging temperature and time, 
mechanical forces and drying. Most of the mentioned factors are both related to each other 
and are material dependent.

Surfactants

The SBA-15 used in this work was synthesized by employing triblock copolymer 
Pluronic-123, (ethyleneoxide)20-(propyleneoxide)70-(ethyleneoxide)20, M~5800, as structural 
directing agent. Block copolymers are good candidates for synthesizing mesoporous silica 
because of their low cost, nontoxicity and biodegradability comparing to ionic surfactants28. 
Moreover, the amphiphilic character of block copolymers can be modified in order to reach 
specific requirements such as shapes or unique properties of the final product. The structure of 
P123 is shown in Figure 2.3.

Figure 2.3. Chemical structure of P123 molecule.

O
O

H
20

CH3

70 20

O OH

Self-assembly of the amphiphilic surfactants in solution is the first step of the SBA-15 
synthesis. A molecule of P123 consists of a hydrophobic PPO (poly-propyleneoxide) block 
surrounded by  two more hydrophilic PEO (poly-ethyleneoxide) blocks. In aqueous solutions, 
these molecules associate and form micelles consisting of a PPO core and a corona of PEO 
segments in the solution29. The configurational mechanism originates from that the polar head 
group at the outer hydrophilic surface (PEO) protects the hydrophobic chains (PPO) from 
having interacting with water molecules. The arrangement of amphiphilic molecules in an 
aqueous solution is then consequently dependent on the balance of the forces as shown in 
Figure 2.4. 

Figure 2.4. The balances of forces of amphiphilic molecule in aqueous solution.

Stabilization by van der Waals forces

Charge repulsion
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The amphiphilic behavior of polymers is temperature dependent. As the temperature is 
increased, the PEO blocks become less hydrophilic and less soluble in water, hence the 
molecule becomes more hydrophobic30. The solution becomes cloudy reaching the cloud 
point (CP), i.e. the liquid-liquid phase separation occurs and the surfactants begin to 
precipitate out of the dilute aqueous solution at this temperature region. Therefore the 
synthesis temperature must be lower than the CP value of the surfactant, which for P123 is 85 
°C. The balance between solubility  and reaction temperature can be altered by the addition of 
inorganic salts, which will be discussed later this chapter.

The structure of micelles is determined by the critical packing parameter (CPP) of the 
amphiphilic molecules. The geometry of the amphiphilic molecule behaves in aqueous 
solution determines its aggregation state (Figure 2.5) by CPP.

Figure 2.5. Physicochemical properties that affect the CPP.

Polar (hydrophilic) head group
Apolar (hydrophobic) tail

Area, a0

Volume, v

R, ≤ lmax (chain length)

The CPP can be described as a function of total volume of the hydrophobic tail plus any 
adsorbents occupied, v, the effective cross sectional area of hydrophilic head group, a0, and 
the kinetic tail length, lmax31

                                         
Equation 2.1.

For CPP<1/3, the surfactant is cone-shaped. The corresponding micellar structure is spherical, 
more precisely, forming cubic or three dimensional pore structures. The truncated cone 
surfactant shape is obtained for 1/3< CPP <1/2, forming a rod-like micelle, which results in 
two dimensional hexagonal pore structures. For 1/2< CPP <1, the micelle is cylindrical in 
shape and a bilayer structure is formed32.

It is notably that micelles are formed only  above the Critical Micelle Concentration (CMC) 
and above the Krafft temperature. CMC is defined as the minimum concentration of 
amphiphilic molecules for which micelles are spontaneously  formed. The Krafft temperature 
is defined as critical micelle temperature. This is the point in which the solubility curve meets 
the CMC on a concentration versus temperature plot, i.e. the minimun temperature at which 
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surfactants form micelles33. Depending on the surfactant concentration used, an appropriate 
CMC value leads to highly  ordered mesoporous structures34. For P123, CMC is 0.4 g L-1 at 22 
°C and 0.04 g L-1 at 30 °C35.

Precursors

Tetraethylorthosilicate (TEOS) is the most commonly  used silica precursor for the synthesis 
of SBA-15. The hydrolysis of TEOS, Si(OC2H5)4 (structure shown in Figure 2.6), under acidic 
conditions yield SiOx in the form of “glass-like material” was first observed by French 
scientist Ebelman36(cited by Larry L. Hench 1990).

Figure 2.6. Chemical structure of a TEOS molecule.
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Hydrolysis of silica precursors to form monomers is the second step of the SBA-15 synthesis. 
The hydrolysis reaction occurs through the addition of water with alkoxysilanes, which leads 
to the replacement of alkoxide groups (—OR) by  hydroxyl groups (—OH). Subsequent 
condensation reactions involving the polymerisation of silanol groups (Si—OH) producing 
siloxane bonds (Si—O—Si) and the by-products water and alcohol. The hydrolysis reaction 
of TEOS is depicted in Figure 2.7(a).

Condensation and polymerisation of monomers to form particles is the third step of the 
SBA-15 synthesis. Silicate species formed chemical bonds on the micelle surfaces after its 
hydrolysis. The surfactant-silicate species then spontaneously condensed, aggregated and 
eventually formed ordered hexagonal arrangements. Under most conditions, condensation 
starts before hydrolysis is complete. However, conditions such as pH, water to silicon ratio, 
and catalysts can be applied to force the completion of hydrolysis. Mineral acids (HCl) and 
ammonia (NH3) are generally used. It has been observed that the rate and extent of the 
hydrolysis reaction is most influenced by  the strength and concentration of the acid or base 
catalyst. Zhao et al reported that for pH < 1, hexagonally ordered SBA-15 can be formed in 
either HCl, HBr, HI, HNO3, H2SO4, or H3PO411. The precipitation of silica only occurs for pH 
< 2. For SBA-15 synthesized between pH 2 and pH 7, disordered silica structure is 
obtained37,38.

Polymerisation to form siloxane bonds (Si—O—Si) occurs by an alcohol and water producing 
condensation reaction, shown in Figure 2.7(b). It is generally believed that the acid-catalysed 
condensation mechanism involves protonated silanol species11. Protonation of the silanol 
makes the silicon more susceptible to be attacked and complicates the formation mechanism. 
A wide distribution of shape of surfactant-silicate species in solution can be formed.
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Figure 2.7. (a) Hydrolysis of TEOS. (b) Condensation and polymerization of monomers.

TEOS + 4H2O ➙ Si(OH)4 + 4(CH3OH)
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Aging

Agglomeration of particles followed by the formation of networks that extend throughout the 
liquid is the last step of the SBA-15 synthesis. Aging is applied by hydrothermal treatment of 
the sample in order to improve the regularity  of the product after the synthesis. Aging at 80 to 
100 °C is commonly used in the literature.

Kruk et al39 have reported the hydrothermal treatment effects on hexane assisted sample for 
aging at 40 to 130 °C and from 3 h to 5 days. They  have shown that the pore size increases 
significantly after the first day of treatment compared to untreated sample. The increase of 
pore size is primary attributed to the decrease of structural shrinkage during calcination and 
the decrease of pore wall thickness during treatment. A mild hydrothermal treatment at 40 °C 
can already  reduce the shrinkage. Further improvements can be achieved by extending the 
aging time and increasing the aging temperature.

The effects of aging on mesopore and micropore connections are studied by Galarneau et al40. 
Aging at 60 to 130 °C were studied by nitrogen adsorption, argon adsorption and imaging of 
platinum replica. The presence of micro-connection of platinum replica in HRTEM 
micrographs indicate the coarsening of micropores during high temperature (> 80 °C) aging.

Additives

One of the most used methods of increasing the pore size is with the addition of additives, i.e. 
swelling agents into the syntheses. The introduction of organic swelling agent expands the 
pore size by dissolving into the hydrophobic interior of the micelles or by  acting as co-
surfactants41.

1,3,5-trimethylbenzene (TMB) has been proved to be an efficient swelling agent5,6. Larger 
pore size (6~12 nm) can be controlled within the SBA-15 syntheses. However, the 
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hexagonally  order of SBA-15 only maintains for small amount of TMB. With the increasing 
amount of TMB, only meso-cellular silica foams (MCF) consists of spherical voids (22~42 
nm) are observed42.

Highly ordered SBA-15 with large pores (~15 nm) were successfully synthesized with the 
presence of alkanes in low temperature syntheses43. With the addition of heptane and a precise 
control over the molar ratios, large pores (~18 nm) with hexagonally ordered structure can be 
obtained44.

Salts

Adding inorganic salts is one of the efficient methods of controlling the synthesis. The use of 
inorganic salt during the syntheses of SBA-15 has many effects, such as lower the reaction 
temperature needed, reagents concentrations and control the pore sizes34,45. Influence of salt 
on the stability  of surfactants was also studied by  Elisseeva et al46. Among various inorganic 
salts, Denkova et al have reported that the anions have much stronger effects than the 
cations47. Furthermore, fluoro ions has been proven to have the most pronounced effect on the 
morphology of the micelles. 

Inorganic salts such as KF and KCl strongly dissociate in aqueous solution. With the 
occurrence of salts, they drag water molecules and reduce the amount of water that hydrates 
the block copolymers, results in a decrease of solubility of the copolymers. Consequently the 
morphologies are altered. According to previous studies, a more controlled mesostructure and 
morphology can be succeed.

2.3 Functionalization 

To make SBA-15 versatile, functionalization of the material surface is applied. The 
functionalization of the silica surface can be achieved by either co-condensation through one-
pot synthesis 48 or by molecular grafting through post-synthesis16.

The idea of co-condensation of inorganic silica and organic silica precursors was first reported 
by Burkett et al49. TEOS and organosilane were used as co-silica precursors and examined 
over a wide range of molar ratios and the final product was a surface-functionalized SBA-15. 
Many research efforts have been put into this area because of the potential and modifiability 
of it21,50,51. However, this requires a precise control over the molar ratio of the precursors and 
also the synthesis conditions to obtain ordered structures.

Mesoporous silica materials containing self-assembled monolayers have been synthesized 
through molecular grafting of mercaptopropylsilane16. The siloxane groups of the silane 
hydrolyses on the silica surface and cross-link to each other to form networks, while the 
hydrocarbon chains self-assemble into close packed arrays. Short chain alkane thiols were 
chosen in order to avoid pore blockage. The surface coverage of the organic functional groups 
can be tailored from 10 to 76 % by controlling of silanization process. The hydrolysis of 
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silane molecules occurs at the presence of water so in order to obtain a uniform organo silane 
monolayer, the silica surface was first dried and rehydrated with a controlled amount of water.

2.4 Removal of Templates

The accessibility  and modifiability of the mesoporous structure from as-synthesized material 
can only be obtained after the removal of organic templates (Figure 2.8). Different removal 
procedures may lead to different surface properties and the pore structures.

Figure 2.8. The removal of organic template in SBA-15.

Accessible 
mesopore

Accessible 
micropore

Calcination is the most commonly used method to remove the surfactants. The polymers are 
removed by oxidation and decomposition at certain temperature, which results in a complete 
elimination of the templates both in mesopores and micropores. For SBA-15, heating to 560 
°C and keeping it for 5 h can completely remove the polymers. On the other hand, calcination 
at elevated temperature accompanies with shrinkage of pore sizes and also the loss of surface 
hydroxyl groups. The surface hydroxyl groups are essential reaction sites for further 
treatments. This limits especially  the applicability on thermally unstable materials such as 
organo-functionalized frameworks.

The disadvantages of calcination have promoted solvent extraction methods. Oxidizing agents 
such as H2O2 can be used to remove the template utilizing hydrothermal oxidation on 
mesoporous silica. This extends the possibilities of removing organic template without 
sacrificing surface silanol groups and the structure shrinkage caused by calcination. Another 
benefit from solvent extraction is that it has a wide range of adaptability on various material 
systems.

A method of stepwise removal of the copolymer template from mesopores and micropores in 
SBA-15 by using sulfuric acid followed by low temperature calcination at 200 °C is reported 
by C.M. Yang et al52. Compare with one-step calcination at elevated temperature, the 
materials possess larger mesopores and higher micropore volume. Besides, there are 
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possibilities to functionalize the meso- and micropores independently and thus increase the 
adaptability  of the material. The idea of selective deposition of species into the stepwise-
modified structure have been proposed in Yang’s study.

L.M. Yang et al have developed with a method which couples crystallization and 
hydrothermal oxidation simultaneously by utilizing concentrated H2O253  directly after the 
aging step of the synthesis. They have shown that the material prepared with this 
methodology possesses higher surface area, larger pore volume, more uniform crystallite sizes 
and higher density of silanol groups on the surface. The template can be removed completely.

The methods discussed previously are relatively  time consuming, ranging from 5 h to 24 h. 
Tian et al reported a method utilizing microwave assisted template removal54, which can be 
done within few minutes. This is achieved by placing as-synthesized SBA-15 in a mixture of 
HNO3 and H2O2. With instantaneous high temperature and pressure generated by microwave 
radiation, the polymers can be removed completely fast and without the loss of surface 
hydroxyl groups, compared to calcination.

There are separated studies on the effectiveness of removing the organic templates by 
different methods. Among those, Bae et al55  studied the conditions of calcination such as 
temperature and atmosphere, and compared with solvent extraction techniques utilizing 1H 
magic angle spinning nuclear magnetic resonance measurements. This is proved to be a 
precisely and convenient characterization technique down to 0.1% of initial amount of P123.

2.5 Summary

SBA-15 is a mesoporous material which consists of a highly ordered 2D hexagonal silica 
structure with cylindrical pores. SBA-15 is often synthesized with a pore size of 5 to 12 nm, 
but in the presence of alkanes pores with a width of up 18 nm can be synthesised. The major 
differences of SBA-15 from other similar mesoporous material is the narrow distribution of 
pore sizes and the presence of micropore connections between mesopores.

The synthesis of SBA-15 is a sol-gel process, included the self-assembly of amphiphilic 
molecules in aqueous solution forming micelles and the interacting forces between organic-
inorganic silica precursors forming networks. Hydrothermal treatment induces further 
condensing of the silica networks, increases the ordering and the stability of the structure. By 
adjusting the synthesis parameters, pore sizes can be precisely controlled. The pores of the 
material are accessible after the removal of the organic surfactants.

Functionalization of the silica surface by different organic groups such as amino or thiol can 
further increase the applicability  of the material. It can be conducted either by co-
condensation or by grafting methods. The surface properties can be tailored to meet specific 
needs as a templating material, which widens the research field.
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Chapter 3

3. Infiltration of Metals

The pore sizes of mesoporous silica SBA-15 can be precisely tailored by controlling the 
reaction parameters using different additives as described in the last chapter, i.e. an ordered 
structure with large accessible pores and very  high surface area can be synthesized. The idea 
“template”, is then introduced to these ordered silica structures. Extensive studies on 
infiltrating metallic rods, nanoparticles or replicating desired material have been reported. In 
this chapter literature studies of infiltration of metals, especially in SBA-15 will be shown.

3.1 Introduction

It is convenient to reach the desired infiltrated nanostructure by tailoring the pore structure of 
templated mesoporous silica. One of the major differences comparing to zeolite-like materials 
with very  small pores (< 2 nm) and much larger surface area, is the higher diffusivity in 
mesoporous channels. The infiltration of materials into the silica support is either directly 
during the syntheses or post-synthesis.

The manufacturing of metal oxide particles56,57,58, metallic nanoparticles59,60,61,62,63,64  and 
nanocrystals65  have been reported. However, many of them require extended surface 
modifications to overcome the highly negatively charged and weak ion-exchange capability of 
silica surfaces. One of the solutions is the incorporation of organic functional groups such as 
thiol- and amino- modified surfaces66,67. Yang et al have reported a stepwise generation and 
functionalization of mesopores and micropores68. Sulfuric acid was first performed to remove 
the surfactants in the mesoporous and followed by low temperature calcination to remove the 
surfactants in the micropores. This expands the selectively of elements infiltrating.

Ordered mesoporous carbon replica CMK-3 was also successfully synthesized in SBA-15, 
using sucrose as the carbon source and heated to 1173 K under inert atmosphere with sulfuric 
acid as the catalyst69. Upon all the wet  processes, Lam et al70  have encapsulated copper in 
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SBA-15 by utilizing chemical vapor deposition (MOCVD) at  relatively low temperature, 
copper nanoparticles and nanorods have been synthesized through this technique.

The control of mesoporous silica supported metallic nanoparticle sizes is critical for the 
application. Yuranov et al63 first reported studies on the resistivity of palladium-mesoporous 
structure of against catalysis environments examined at elevated temperature. Palladium 
nanoparticles of diameter range from 1 to 3.6 nm were used. No agglomeration was observed 
for the palladium nanoparticles during the catalysis performances. However, low mechanical 
strength and collapsing of the silica framework at elevated temperatures in the presence of 
water are confirmed to be the main drawbacks of mesoporous materials, which limits their use 
as catalysts. 

3.2 Silica Surfaces

As mentioned in previous discussions, most methodologies are based on the ion-exchange 
behaviors of surface silanol groups with the metal precursor cations. Nevertheless, the most 
commonly applied template removal method, calcination, eliminates the number of surface 
silanol groups, which results in a relatively low ion-exchange capability. Therefore, various 
different template removal methods and post-treatment of the calcinated sample have been 
proposed to strengthen this property.

In addition to the primary mesopore surfaces, another special feature for SBA-15 is the 
presence of microporosity originates from the hydrophilic EO chains in polymerized silica-
surfactant matrix. The micropores play an important role for the diffusivity of molecules, 
which is significant for catalysis and nano-grafting.

Hoang et al71 have investigated the diffusion dependencies of meso- and micropore structures 
by using the diffusion of n-heptane as probe molecules. They have shown that the relative 
content of mesopores and micropores determines the diffusivity of the molecules. In the 
samples of high microporosity, the diffusivity is low, suggesting a high activation energy  for 
the molecules to move.

The contribution of the micropores to the total pore volume can reach up to 30 % in 
SBA-1572,73. Different  mesopore and micropore structure affected by the hydrothermal 
treatment is studied by  imaging platinum replicas inside the channel and by using low-
pressure argon adsorption analyses on SBA-15. Surprisingly, the local positively curvature 
introduced by the presence of micropores reduce the stability  of interwall structure, in which 
the positive curvature of the surface promotes dissolving of silica even at room temperature. 
A 130 °C hydrothermal treatment is therefore suggested instead of 100 °C to further increase 
the hydrothermal stability, where the latter is commonly performed in the literature. On the 
other hand, although a higher aging temperature increases the thermal stability of silica, it 
sacrifices the microporosity.

Furthermore, the importance of surface silanol groups have emphasized by  Coasne et al 
utilizing molecular stimulation based on adsorption of argon fluid at 77 K on atomistic silica 
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surfaces74. Grand Canonical Monte Carlo Stimulation is used and experimental results were 
compared. The specific surface area calculated with the BET method for fully hydroxylated 
surfaces is about 10 - 20 % larger than the actual geometrical surfaces. The effect  of pore 
shapes on adsorption and condensation is also compared between hexagonal and cylindrical 
pores. Besides, due to the increase in the polarity of the surface with the density  of silanol 
groups, the adsorbed amounts for fully hydroxylated surfaces are found to be larger than those 
for partially hydroxylated surfaces

3.3 Electroless Copper Deposition

Copper nanostructure

In the bulk form, pure copper is a pinkish metal, a soft, ductile material with very  high 
thermal and electrical conductivity. Copper has a face centered cubic crystal structure and has 
a melting temperature of 1084 °C. Interestingly, not one of these properties applies to copper 
particles in the nanoscale, and the smaller they are the more do their properties deviate from 
the bulk material75. 

Copper nanoparticles have attracted great interest due to their potential applications in 
conductive thin films76, lubrication media77, and especially in catalysis78,79. The catalytic 
activity of the nanoparticles is generally  depending on their size and shape, which are 
controlled by the synthesis conditions80,81. Studies have also shown that the structure of the 
particle surfaces is one of the main factors controlling the selectivity  of the catalytic 
properties in nanoparticles82. Previously copper nanoparticles have been synthesized through 
thermal methods83,84, micro-emulsion techniques85, organic encapsulation of copper86,87. The 
copper nanoparticles resulting from these methods either had limited size monodispersity, 
were susceptible to oxidation or had a size larger than 5 nm86,88,89,90,91.

The synthesis of copper nanoparticles with controllable size and homogeneous size 
distribution is therefore vital for exploring copper-based catalyst. Such improvements will 
also lead to increased attentions of copper nanoparticles in scientific areas such as bio-
catalysts and bio-sensing which now are currently dominated by the used of gold 
nanostructures92,93.

Electroless copper deposition

Electroless copper deposition was first reported by H. Narcus in 194794 and then extensive 
studied in 1970s thanks to the rapid development of microelectronic connections in circuit 
boards95,96. The major benefits of electroless depositions in the scheme of microelectronics are 
low costs, low reaction temperature, fast deposition rate, uniformity deposition, filling 
capability, and better conductivity97. Another important property  of electroless systems is the 
capability of depositing metals selectively. Extensive studies of electroless copper deposition 
have been developed mostly on carbon composites98,99. A schematic drawing about the steps 
of electroless copper deposition is shown in Figure 3.1. Deposition performed on mesoporous 
silica SBA-15 is used as an example.
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Figure 3.1. Electroless copper deposition process sequence.
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The deposition of copper on silica surface consists of four steps: pretreatment, sensitization, 
activation, and copper deposition. The details of the reactions are described below.

I. Pretreatment step, included cleaning and oxidizing the surface. The importance of this step 
is to form functional groups, to increase the number of reaction sites, and to increase the 
surface area of the as-synthesized material. It has been shown that the deposition occurs on 
defect sites and functional groups, which are called anchoring points. The functional 
groups, such as hydroxyl group(−OH) and carboxylic acid(−COOH), play an important 
role on grafting different  type of molecules onto the sample surface, which is relatively 
inert. To further improve the dispersibility of the deposition, oxidation of carbon surfaces 
were studied through various different combination of oxidizing agents99,100. Rasheed et al 
showed that there is a tradeoff between the number of created defect sites and functional 
groups to the yield. A 60 % difference in yield had been reported.

II. Sensitization step. The impregnation of tin ions on anchoring points by electrostatic force. 
Tin chloride is used as the source and prepared with hydrochloric acid. The Sn2+ ions 
distributed on the surface are reducing agents, provide the sites and electrons for the 
adsorbing palladium ions, in order to reduce Pd2+ ions and form palladium nanoparticles. In 
addition, Sharp and co-workers have shown that tin ions must be present as Sn2+ and not 
Sn4+, otherwise activation and electroless deposition will not occur101. The coverage of the 
surface is however heterogeneous. The chemical reaction is shown below.

SnCl2⋅2H2O + HCl → H+⋅SnCl3
− (impregnated on silica surface) + 2H2O
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III.Activation step. The palladium ions were reduced by  Sn2+ ions in acidic medium at the 
anchoring sites over the sample surface, taking over the tin ions and formed palladium 
nanoparticles. Palladium chloride is used as the source and prepared with hydrochloric 
acid. Palladium nanoparticles are catalysts for copper deposition. The chemical reaction is 
shown below.

PdCl2 + 2HCl → H2⋅PdCl4 / PdCl3⋅H2O−            
 Sn2+ + Pd2+ → Pd0 + Sn4+ 

IV.Copper deposition step. The electroless copper deposition from solution occurs only near 
the catalytic sites of the surface. These sites correspond to the densest regions of the 
activating material, i.e. the metallic palladium nanoparticles. The overall chemical reaction 
is shown below.
 

 HCOH + OH- → H2 + HCOO−

 2H2O + 2e− → H2 + 2OH−       E0 = −0.830 V
 Cu2+ + 2e− → Cu0          E0 = +0.337 V
 Cu2+ + H2 + 2OH− → Cu0 + 2H2O

Copper sulfate is used as the metal source, Rochelle salt is used as a complexing agent to 
prevent precipitation of copper in the solution, formaldehyde is the reducing agent and 
NaOH is used to control the pH value. For the reaction to proceed at  an appreciable rate, 
the pH value of the solution should be at 11 to 13. Once the plating starts, the copper 
deposition process is generally auto-catalytic97.

The major drawback of electroless copper deposition is the low deposition rate, but it 
provides a uniform deposition on the surfaces and in the pores, which then becomes one of 
the advantages.

The pretreatment step  on mesoporous silica is critical since the removal of polymer by 
calcination sacrifices most of silanol groups on the surface. The treatment introduces more 
silanol groups and creates more defect sites, thereby increases the amount of anchoring 
points. The reduction of copper ions occurs on the silica surfaces inside the mesoporous 
channels. As a result, the limited diffusivity by  the presence of micropores avoids the copper 
nanoparticles to aggregate and, most importantly, no capping agent is needed during the 
reaction.
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Chapter 4

4. Characterization Techniques

In order to study how different synthesis parameters affect the final product, structure and 
physical properties of the materials are characterized in direct and indirect  ways to cross 
reference each other. In this chapter the characterization techniques used in this work with be 
briefly described.

4.1 X-ray Diffraction

Solid materials with periodically  ordered atomic structures diffract electromagnetic radiation 
of wavelengths at about the same length as the interatomic distances. This technique is 
commonly used for the analysis of structural properties of a material. X-ray  diffraction (XRD) 
provides primary information of size and symmetry of a unit cell, and in this work, the 
ordering of the structure and the crystallinity of the copper nanoparticles. The analyzed 
sample is collected in powder form.

The X-ray photon interacts with an atom in many ways: scatter, diffraction, reflection or 
absorption. In diffraction, the incident x-ray radiation is scattered by atoms in all directions. 
Constructive interference occurs when Bragg’s law (Equation 4.1) is fulfilled. A simplified 
scheme of the diffraction is seen in Figure 4.1. 

                                       
Equation 4.1

where λ is the x-ray wavelength, dhkl is the inter-planar spacing of lattice plane hkl, θ is the 
angle between the incident beam and the incident lattice plane, and n is the diffraction order 
(integer, >0). By varying the angle θ, Bragg’s law is fulfilled by different interplanar spacing 
d in polycrystalline material. By plotting the collected intensities versus angular positions (I 
versus 2θ), a diffractogram is obtained.
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For nanoparticles, peak broadening is often observed in x-ray diffraction. This is due the 
limitation of coherently diffraction domain by  sizes. Despite that, the full width at  half 
maximum (FWHM) of the diffraction peak could be used for calculating the average length of 
coherently  diffracting domains, i.e. the crystal sizes according to Scherrer equation102 
(Equation 4.2).

                                         

Equation 4.2

where t is the calculated crystallite size in Ångströms, Bm and Bs are the FWHMs for the 
selected strong peak and a reference peak in bulk material, respectively. However, errors in 
estimation could also come from crystal imperfections, inhomogeneous distribution of sizes, 
etc; which results in peak broadening.

The crystallinity of the samples studied in this work are performed on a Philips PW1729 
diffractometer with Cu Kα1 radiation (λ=1.5418Å), θ - 2θ configuration, a generator voltage of 
40kV, a current setting of 40mA. High resolution XRD pattern was recorded over 40º to 55º 
(2θ) at 0.06º min-1. 

4.2 Electron Microscopy

Electron Microscopy are powerful techniques for exploring nanoscale world. High energy 
electrons generated from filament or field emission gun are used as sources. The wavelength 
of electrons, defined by  de Broglie equation103 (Equation 4.3), is significantly smaller than x-
rays or visible lights and can be controlled by the acceleration voltage. This gives substantial 
improvements in the resolution of direct imaging and other analyses.

Figure 4.1. Schematic illustration demonstrating X-ray diffraction described by Bragg’s law.
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Equation 4.3

where λe is the wavelength of electron, h is Planck’s constant, E is the kinetic energy of an 
electron, m0 is the mass of an electron, and c is the speed of light.

4.2.1 Scanning Electron Microscopy

In a scanning electron microscope (SEM) a high energy  electron beam is extracted from a 
field emission gun, condensed by electromagnetic lenses and scanned over the sample 
surface. The electrons interacts with the atoms while they penetrate through the sample. The 
electrons can be backscattered by elastic scattering or give away its energy by  inelastic 
scattering with the atoms. The inelastic interaction of the electrons with atoms can eject 
secondary  electrons and Auger electrons by collision and the energy absorbed by  the atoms 
can radiate characteristic x-rays, as described in Figure 4.2. 

Figure 4.2. Schematic illustration of the interactions occur when energetic electron 
beam penetrates through the SEM sample.
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The volume of the penetration depth of electrons is pear-shaped with a radius of a few µm 
depending on the acceleration voltage of the electron beam and the material studied. The 
extracted particles are collected and provide different information, such as topographical and 
elemental profiles.

The most common imaging mode is performed by  collecting secondary  electrons ejected from 
the sample. Real time imaging of the topographical view of the sample surfaces is obtained. 
Despite that the infrastructure can not be known by imaging, elemental profiles can be 
obtained by inserting a x-ray detector and perform a energy dispersive x-ray spectroscopy 
(EDS). EDS analyses the characteristic x-ray photons emitted from the elements of the 
sample. Detailed compositional profiles given in weight or atomic percentage and mapping 
performed on the sample surfaces is possible.

The microstructure of the powder sample was studied with a Leo 1550 Gemini scanning 
electron microscope operated at EHT = 3 kV, with a working distance 3 - 4 mm. Each sample 
was sputtered with gold and put on carbon tapes to avoid charging. EDS analysis is operated 
at EHT = 10 kV, with a working distance 10 mm and the samples are not gold coated for this 
analysis.

4.2.2 Transmission Electron Microscopy

Transmission electron microscope (TEM) is a versatile tool in nanoscale analyses and is 
widely  used in industry  and academia. A TEM is schematically identical to an ordinary optical 
microscope. The major difference is that the light source changes from visible light to very 
high energy electron beam and electromagnetic lenses are used instead of optical lenses. A 
simplified illustration of a TEM is shown in Figure 4.3.

When the electrons traveled through the sample, they become either transmitted, absorbed, 
scattered or backscattered. The amount of transmitted electrons creates contrast on the image. 
Direct imaging of the pore structure and the lattice of copper is possible in high-resolution 
(HR) imaging. Bright field imaging is used in this work.

The size and morphology of the copper nanoparticles and the pore structure of the silica was 
studied using a FEI Tecnai G2 TF 20 UT 200 kV field emission gun transmission electron 
microscope (TEM). Since the final products after each reaction are powder like, much more 
simplified sample preparation procedures compare to thin film samples can be applied. The 
samples were dispersed in acetone and were deposited onto a hollow carbon grid, followed by 
acetone evaporation at room temperature in air prior to insertion in the microscope. EDS in 
TEM is also applied in this study.
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Figure 4.3. Schematic illustration of a TEM works in bright field imaging.
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4.3 Physisorption

Physisorption is a characterization technique on the physically adsorption properties of a 
material. The fundamental attractive force of physisorption is caused by  van der Waals 
interaction. Under appropriate conditions of pressure and temperature, molecules from the gas 
phase can be condensed and adsorbed on the surface (multilayer adsorption or filling of 
micropores)104. By analysing the amount of adsorbed gas relative to pressure difference, 
accompanied with calculating methods, physical profiles of material can be derived. 

The analysis starts with the evacuation of sample tube and refilling it with nitrogen gas, 
followed by  evacuation again and the measurements of the warm and cold free space of the 
sample tube using helium gas. The sample tube is then introduced in to a liquid nitrogen bath 
and a series of measuring points are taken at a programmed relative pressures of adsorptive 
gas. Each data point was collected at 77 K, and nitrogen gas was used as analysis adsorptive. 
Measuring points were also taken during the desorption process. The adsorption-desorption 
measuring points on a quantity adsorbed (cm3/g) versus relative pressure (P/P0) plot is an 
isotherm, where P is the absolute pressure of last point and P0 is the atmospheric pressure.
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A typical adsorption-desorption isotherm of mesoporous silica SBA-15 is shown in Figure 
4.4. This is a type IV physisorption isotherm with type I hysteresis loop105. A type IV isotherm 
shown the characteristic of mesoporous materials, and the type I hysteresis loop indicates the 
specific mesopore-micropore structure of SBA-15.

Figure 4.4. A typical physisorption isotherm of mesoporous silica SBA-15 with ordered 
structure and narrow pore size distribution.

Stepwise studies of surface area and pore volume and size analysis were performed using 
Brunauer-Emmett-Teller (BET)106 and Barrett-Joyner-Halenda (BJH)107 calculating methods 
on data generated by a Micromeritics ASAP 2020 analyzer.

The BET calculation obtains the sample surface area value by determining the multilayer 
volume of adsorbed gas from the isotherm data. The BJH calculation determines the 
mesopore volume and area distribution which accounts for both the change in adsorbate layer 
thickness and the liquid condensed in pore cores. Nevertheless, correcting values should be 
brought in since the BJH methods assumed that all pores are cylinders closed at one end as 
shown in Figure 4.5, which is obvious wrong for SBA-15 since the pores are accessible at 
both ends and connected to each other by the microporous network.

Each sample (0.15 g) was crushed in a mortar and degassed under vacuum for 9 h at 300 °C 
with a temperature ramping rate 10 °C min-1 to remove moisture prior to the sorption 
experiment. The BET surface area was calculated using the adsorption isotherm in relative 
pressure P/P0 range from 0.05 to 0.25*. The total pore volume was estimated from the amount 
of nitrogen adsorbed at a relative pressure of 0.975. 

*Between 0.05 and 0.25 the plots are closely linear.  The beginning of the linear part, corresponds to the 
covering of the surface of the adsorbent by a complete monolayer of adsorbed gas106. 
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4.4 Fourier Transform Infrared Spectroscopy

Vibrational spectroscopy, Fourier Transform Infrared Spectroscopy  (FT-IR) was utilized in 
transmission mode to study the surface functional groups of the silica. This is performed by 
transmitting a beam of intense IR radiation through the sample and record the wavenumbers 
absorbed by  the molecules. The transmittance of the sample decreases at photon energies 
corresponding to the absorption energies within the sample. The collected signal from the 
transmitted beam is an interferogram. Fourier transform is performed on the collected signal 
results and a spectra of transmittance (%) versus wavenumbers (cm-1) is plotted.

In IR spectroscopy, the infrared photons are absorbed and lifted the molecule up to a higher 
vibrational state. The absorbed energy  is dependent on the chemical environment around the 
bonds and is determined by  the masses of the atoms and by the electron density in the 
covalent bond. The energy is absorbed only  if it corresponds to the energy  difference between 
allowed discrete vibrational levels.

The study of functional groups on the surfaces of silica is performed on a Bruker Vertex 70 
spectrometer, using pressed KBr pellets. Typically, 0.8 mg of sample and 120 mg of purified 
KBr powder were finely crushed in a mortar to remove scattering effects from large crystals. 
The powder mixture was then pressed in a specified holder at 10 ton for 10 minutes to make a 
pellet suitable for the instrument. 

Background signal were collected after 10 minutes delayed in nitrogen flow after each sample 
change. Spectra of the sample were obtained right after when background signal collection is 
finished, over 4000 to 400 cm-1, with spectral resolution 4 cm-1 using 200 scans.

Figure 4.5. A pore filled with condensed liquid nitrogen suggested by BJH method has 
three zones: the core, the adsorbed layer and the walls of the cylindrical pores.
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Chapter 5

5. Experimental Details

5.1 Chemicals

Triblock copolymer EO20PO70EO20 (P123)(Mn~5800, Aldrich), ammonium fluoride (purity 
≥98.0%, puriss. p.a., ACS reagent, Fluka), tetraethyl orthosilicate (TEOS)(reagent  grade, 
98%, Aldrich), heptane (99%, ReagentPlus®, Sigma-Aldrich), hydrogen peroxide solution 
(purity  ≥35% at RT, purum p.a., Sigma-Aldrich), copper sulphate pentahydrate powder (99%, 
ReagentPlus®, Sigma-Aldrich), tin chloride dihydrate powder (purity  ≥97%, Riedel-de 
Haën), palladium chloride powder (purity  ≥99.9%, Aldrich), sodium hydroxide pellets (purity 
≥97%, purum. p.a., Fluka), potassium sodium tartrate tetrahydrate [Rochelle Salt] (purity 
≥99%, ReagentPlus®, Sigma-Aldrich), potassium bromide (FT-IR grade, ≥99% trace metals 
basis, Sigma-Aldrich), hydrochloric acid (purity ≥37%, puriss. p.a., Fluka, ACS Reagent, 
fuming), formaldehyde (37 wt%. in H2O, ACS Reagent, Sigma-Aldrich), sulphuric acid 
(purity  95.0-98.0%, ACS Reagent, Sigma-Aldrich), potassium dichromate (purity  ≥99.9%, 
ACS Reagent, Aldrich), acetone (purity ≥99.0%, Fluka) were used as received.

5.2 Mesoporous Silica

The synthesis of mesoporous silica SBA-15 studied in this work was performed according to 
previous report44. In a typical synthesis, 1.2 g of P123 and 0.014 g of NH4F was dissolved in 
42 ml 1.3 M  HCl and was stirred at 20 °C for 3 days. 27.9 ml heptane was mixed with 2.75 ml 
TEOS and this mixture was added into the solution. The solution was then stirred at  1000 rpm 
for 20 h and transferred to a sealed Teflon flask for hydrothermal treatment at 100 °C for 24 h. 
The product was filtered and washed with distilled water.

The template was removed in two different ways to examined the differences. The product 
was treated with 60 g H2O2 for 24 h in a teflon flask at  100 °C; or calcinated at 560 °C in air 
for 5 h with a 10 °C min-1 ramping rate. For H2O2 treated samples, the final product was then 
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filtered, washed with distilled water, and dried in air over night at 80 °C. The samples were 
stored in sealed polypropylene vials prior to use.

Four different  oxidizing agents, H2SO4, HNO3, H2O2, and K2Cr2O7−H2SO4 mixture were used 
in this study. All experiments were performed using 15 ml glass test tubes with ultrasonic 
radiation. After the reaction, samples were filtered and washed by  distilled water followed by 
drying at 80 °C in air. The oxidation conditions studied on SBA-15 is summarized in Table 
5.1.

Table 5.1. Conditions of the oxidation study performed in the experiment.

Sample Agent Concentration
Reaction 

time (minute)

J1 H2SO4 1 M 5

J2 H2SO4 1 M 10

J3 H2SO4 1 M 30

J4 H2SO4 1 M 60

J5 H2SO4 1 M 120

J6 H2SO4 5 M 10

J7 H2SO4 5 M 30

J8 H2SO4 5 M 60

J9 H2SO4 5 M 120

J10 H2SO4 10 M 30

J11 H2SO4 10 M 60

J12 H2SO4 10 M 120

J13 HNO3 1 M 5

J14 HNO3 5 M 5

J15 H2O2 conc. 5

J16 K2Cr2O7/H2SO4 50 mM/3 M 5

J17 K2Cr2O7/H2SO4 50 mM/3 M 10

J18 K2Cr2O7/H2SO4 50 mM/3 M 20

J19 K2Cr2O7/H2SO4 50 mM/3 M 60

J20 K2Cr2O7/H2SO4 50 mM/3 M 120

5.3 Electroless Copper Deposition

The detailed reaction conditions are summarized in Table 5.2. During the pretreatment step, 
50 mg of dried sample was dispersed in 1.5 ml of acetone and sonicated for several minutes. 
The mixture was then heated to 80 ºC in air until dry. Oxidation step was applied by 
dispersing the sample in 60 mM K2Cr2O7 and 3.5 M H2SO4 mixture then sonicated for several 
minutes. 

Sensitization step was applied by dispersing the sample in 0.5 M HCl containing 0.034 M 
SnCl2 and sonicating for several minutes. The samples was filtered and washed with distilled 
water and dried in air at 80 ºC. Activation step was applied by dispersing the sample in 62.5 
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mM HCl containing 5x10-4 M PdCl2 and sonicating for several minutes. The samples was 
again filtered and washed with distilled water and dried in air at 80 ºC. 

Electroless copper reduction was conducted at room temperature (25 ºC) for several minutes. 
An electroless solution contains, besides a metal salt and reducing agent, compounds such as 
a complexing agent (to maintain the level of metal ions in solutions) and agents to adjust the 
pH level. In this work, the electroless copper bath consists of 0.1 M CuSO4 (metal source), 
0.2M KNaC4H4O6 (complexing agent, to maintain the level of metal ions in solutions) and 5 
ml/L HCHO (reducing agent). The pH level was 12.0 by the addition of NaOH. Finally, 
samples were filtered and washed in distilled water and dried at 80 ºC in air. The sonication 
applied at each step was performed at a frequency of 40 kHz with a Model B-5510 MTH, 
Bransonic.

Table 5.2. Conditions of the electroless copper deposition study performed in the experiment.
Sample Pretreatment Oxidation Sensitization Activation Deposition

090112Cua1
090112Cua2
090121Cua
090121Cub
090122Cua1
090122Cua2
090122Cub1
090122Cub2
090122Cub3
090126Cua1
090126Cua2
090130Cua1
090130Cua2
090130Cua3
090210Cua1
090210Cua2
090210Cua3
090224Cu

Temp. time Temp. time Temp. time Temp. time Temp. time

80 5 25 5 25 5 25 5 25 150
80 5 25 5 25 5 25 5 60 180
100 20 25 20 25 5 25 5 25 150
100 20 25 20 25 5 25 5 60 180
100 20 25 60 25 5 25 5 25 150
100 20 25 60 25 5 25 5 60 180
80 20 25 10 25 5 25 5 25 180
80 20 25 10 25 5 25 5 60 180
80 20 25 10 25 5 25 240 25 1200
80 20 60 180 25 180 25 300 x* x
80 20 60 180 25 300 25 300 25 600
80 20 25 180 25 5 25 5 x x
80 20 25 180 25 5 25 5 x x
80 20 25 180 25 300 25 300 x x
80 60 25 60 25 5 25 5 25 180
80 60 25 60 25 5 25 5 25 180
80 60 25 60 25 5 25 5 25 180
100 60 25 5 25 5 25 5 25 300

*x means the deposition was unsuccessful after longer than 24 h, i.e. no product is obtained.
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Chapter 6

6. Results and Discussion

The synthesis of mesoporous silica SBA-15 (described in Section 5.2) yielded a white and 
soft powder, while the reaction of electroless copper deposition (described in Section 5.3) 
yielded blue, dark-brown or yellow powders depending on the reduction level of copper ions. 
To study the dependencies of time and temperature to the reaction, various experimental 
conditions were changed. Attempts to infiltrate metallic copper into the mesoporous silica 
channel using SBA-15 in which the organic template was removed by hydrogen peroxide 
treatment and lower pH value during the reduction reaction were proved unsuccessful.

6.1 As-synthesized Sample

The sample were synthesized according to the method described in Section 5.2. Calcinated 
sample were treated with different oxidizing agents to introduce surface silanol groups and 
compared with samples in which the template was removed by hydrogen peroxide treatment. 
In the beginning of the study, various morphologies of SBA-15 synthesized through different 
molar ratios of heptane and TEOS were used for the oxidation study. This study shows that 
there is no particular difference in the treated surface between different morphologies. The 
morphology  control of synthesizing SBA-15 is out of the scope of this report. Therefore the 
difference between the samples will not be discussed.

In Figure 6.1, the structures of as-synthesized SBA-15 are shown. Ordered cylindrical 
crystallites agglomerated into a fiber-like structure can be seen in Figure 6.1(a) and a sheet-
like morphology is seen in Figure 6.1(b).

The cross-sectional features between different morphologies are almost identical. Uniform 
cylindrical channels have a 2D hexagonal arrangement, and can be seen that the pores are 
fully accessible by both ends in Figure 6.2. The dark contrast is provided by the pore walls. 
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10 µm1 µm

(a) (b)

Figure 6.1. Scanning electron micrographs of SBA-15 (a) rod-like and (b) flake like.

Figure 6.2. Transmission electron micrographs of SBA-15 (a) rod-like and (b) flake like. 
Cross-sectional micrographs are shown in the inlet.

100 nm 200 nm

100 nm100 nm(a) (b)

Amorphous silica however can be found in the final product, which appears like foams 
covering the sample surface.

Illustrative nitrogen adsorption isotherm of as-synthesized SBA-15 and the comparison of 
template removing methods is shown in Figure 6.3. The adsorption-desorption data are 
plotted as quantity adsorbed (cm3 g-1) versus relative pressure. Both samples show after the 
removal of organic template a type IV isotherm curve with a type 1 hysteresis loop. This 
indicates that both samples possess cylindrical and uniformed pore structures. Each isotherm 
is offset in the y-axis to make it comparable. 
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Figure 6.3. Nitrogen adsorption isotherms for (a) uncalcinated, (b) calcinated 
and (c) hydrogen peroxide treated samples.

Pore size distributions of the samples are shown in Figure 6.4 and the physical characteristics 
are summarized in Table 6.1. Although the uncalcinated sample already has a large surface 
area of 100 m2 g-1, it is clearly shown that the pore structure only  is accessible after the 
removal of organic template. The hydrogen peroxide treated sample have BET surface area of 
640 m2 g-1, which is slightly  higher than the calcinated sample. The hydrogen peroxide treated 
sample has a narrower pore size distribution. 

Table 6.1 Physical characteristics of as-synthesized SBA-15*.

Sample DBJH 

(nm)
VBJH 

(cm3 g-1)
ABET 

(m2 g-1)
Peak pore size 

(nm)

Uncalcinated x** 0.31 101.49 x**

Calcinated 11.13 1.65 616.45 18.19

Hydrogen peroxide treated 10.00 1.56 640.42 18.36
*DBJH is the BJH adsorption average pore diameter, VBJH is the BJH method calculated mesopore volume, and 
ABET is the BET method calculated specific surface area
**Pores are only accessible after organic template removal
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Figure 6.4. Pore size distributions for (a) uncalcinated, (b) calcinated and (c) 
hydrogen peroxide treated samples.

FT-IR spectra of as-synthesized SBA-15 and the comparison of template removing methods is 
shown in Figure 6.5. A broad band around 3400 cm-1 contains three strong peaks at 3640 cm-1, 
3419 cm-1 and 3266 cm-1 is observed in all samples. The peak at 3640 cm-1 is assigned to the 
stretching mode vibration of surface silanol groups, while the other two peaks are due to the 
stretching mode vibration of hydrogen-bonded water adsorbed on the surface. The peak at 
1632 cm-1 is assigned to the bending mode vibration of O-H in adsorbed water molecules. 
Typical mesoporous silica Si-O-Si stretching mode vibration are observed at 806 cm-1 and in 
the range of 1130 to 1000 cm-1, which are assigned to symmetric and asymmetric stretching 
mode respectively. Another strong peak at 464 cm-1 observed in all spectra is the Si-O-Si 
bending mode vibration.

Three peak at 2975 cm-1, 2931 cm-1 and 2882 cm-1 observed in spectra (a) and (c) are assigned 
to the stretching mode vibrations of C-H bond, C-H2 bonds and C-H3 bonds from the P123. 
This indicates that the treatment in hydrogen peroxide for 8 h is not enough for the removal of 
organic template.

The peak at around 958 cm-1 is assigned to the Si-OH bending mode vibration. The intensity 
of this peak varies according to the number of surface silanol groups and comparison are 
made between the samples with respect to the intensity of Si-O-Si peak at 806 cm-1. The as-
synthesized SBA-15 before calcination have about 2 times more silanol groups on the surface 
than the calcinated samples. The removal of organic template by hydrogen peroxide treatment 
sacrificed about 10 % of surface silanol groups compare to as-synthesized sample.

34



Figure 6.5. IR transmission spectrum of (a) uncalcinated, (b) calcinated, (c) 
hydrogen peroxide treated at 100 °C for 8 h, (d) hydrogen peroxide treated at 100 °C 
for 16 h, (e) hydrogen peroxide treated at 100 °C for 20 h (f) hydrogen peroxide 
treated at 100 °C for 24 h.

6.2 Effects of Oxidation on Silica Surfaces

Four different  oxidizing agents, H2SO4, HNO3, H2O2, and K2Cr2O7−H2SO4 mixture were used 
in this study. Different concentration of H2SO4, K2Cr2O7−H2SO4 mixture and HNO3 were 
examined. Different reaction time were examined in all four agents. Only calcinated sample 
were used in the experiments. The obtained product often have a low yield after washing and 
filtering. Merely about  50 % or less of the original sample was collected. The samples were 
characterized by physisorption, SEM, TEM and FT-IR.

6.2.1 Oxidizing Agents

Illustrative nitrogen adsorption isotherms of 1 M H2SO4, K2Cr2O7−H2SO4, concentrated H2O2 

and 1 M  HNO3 oxidized SBA-15 compared with the calcinated sample are shown in Figure 
6.6. Both samples show a type IV isotherm curve with a type 1 hysteresis loop and are almost 
identical. This indicates that the oxidation treatments do not affect the pore structure. Each 
isotherm is offset in the y-axis to make it comparable.
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Figure 6.6. Illustrative nitrogen adsorption isotherms of H2SO4, 
K2Cr2O7−H2SO4, H2O2 and HNO3 oxidized SBA-15.

Pore size distributions of the samples are shown in Figure 6.7 and the physical characteristics 
of the samples are summarized in Table 6.2. The K2Cr2O7−H2SO4 treated sample shows the 
highest increment in BET surface area and mesopore volume compared to the calcinated 
sample. The narrow pore size distribution remains even after the treatment. The increasing 
number defect sites contribute to the increment of surface area. The H2SO4 treated sample has 
lagrest peak pore size at 19.82 nm and widest pore size distribution. For all samples with 
increased pore size compared to the calcinated sample, the increase is attributed to the 
improvement of the silica dissolving process in strong acidic solutions containing oxidants.

Table 6.2 Physical characteristics of SBA-15 materials after oxidation treatment.

Sample DBJH 

(nm)
VBJH 

(cm3 g-1)
ABET 

(m2 g-1)
Peak pore size 

(nm)

Calcinated 11.13 1.65 616.45 18.19

H2SO4 treated 11.31 1.46 665.87 19.82

K2Cr2O7−H2SO4 treated 12.16 1.71 695.46 18.36

HNO3 treated 11.25 1.41 637.02 18.48

H2O2 treated 10.00 1.58 641.44 18.42
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Figure 6.7. Pore size distributions of H2SO4, K2Cr2O7−H2SO4, H2O2 and 
HNO3 oxidized SBA-15.

Figure 6.8. IR transmission spectrum of (a) calcinated, (b) H2SO4 treated at 
25 °C for 5 minutes, (c) HNO3 treated at 25 °C for 5 minutes, (d) 
K2Cr2O7−H2SO4 mixture treated at 25 °C for 5 minutes.
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FT-IR spectra of calcinated SBA-15 and the comparison of oxidizing agents are shown in 
Figure 6.8. Compared to the spectrum of the calcinated sample, both oxidizing treatments do 
not introduce new functional groups that can be seen in FT-IR spectrum but only affect the 
number of silanol groups on the surface. The 5 min K2Cr2O7−H2SO4 oxidation treatment 
introduces 30 % more silanol groups compare to the calcinated sample. The 5 min H2SO4 and 
HNO3 oxidation treatment show similar increment of 10 %. Both different oxidizing agents 
did not alter the surface structure as shown in Figure 6.9. 

Figure 6.9. Scanning electron micrographs of SBA-15 oxidized by (a) K2Cr2O7-
H2SO4 mixture, (b) HNO3 and (c) H2SO4.

1 µm 0.5 µm

1 µm

(a) (b)

(c)
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6.2.2 Oxidizing Time

The effects of increasing oxidation time are not evident for SBA-15 oxidized by 1 M H2SO4. 
Illustrative nitrogen adsorption isotherms of 1 M  H2SO4 oxidized for different time intervals 
compared with the calcinated sample is shown in Figure 6.10. Both samples show a type IV 
isotherm curve with a type 1 hysteresis loop and are almost identical. This indicates that the 
oxidation treatment time do not affect the order of the pore structure. Each isotherm is offset 
in the y-axis to make it comparable.

Figure 6.10. Illustrative nitrogen adsorption isotherms of SBA-15 (a) Calcinated (b) 
5 min (c) 10 min (d) 30 min (e) 60 min (f) 120 min oxidized by 1 M H2SO4 at 25 °C.

Pore size distributions of the samples are shown in Figure 6.11 and the physical 
characteristics of the samples are summarized in Table 6.3. The 60 min H2SO4 treated sample 
shows the highest  increment in BET surface area and mesopore volume compared to the 
calcinated sample. It is observed that the longer the oxidation treatment time the narrower the 
pore size distribution. The increase of pore sizes with respect to the oxidation time is not 
significant. 
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Figure 6.11. Pore size distributions of SBA-15 oxidized by 1 M H2SO4 at 25 °C 
for different time intervals.

Table 6.3 Physical characteristics of SBA-15 materials after 1 M H2SO4 oxidation treatment 
for different time.

Sample DBJH 

(nm)
VBJH 

(cm3 g-1)
ABET 

(m2 g-1)
Peak pore size 

(nm)

Calcinated 10.41 1.51 619.06 18.34

5 min 11.31 1.41 637.02 18.56

10 min 10.92 1.46 665.87 19.83

30 min 10.13 1.49 608.90 18.34

60 min 10.91 1.74 709.49 18.50

120 min 10.23 1.53 621.32 19.38

FT-IR spectra of calcinated SBA-15 and the comparison of SBA-15 oxidized with 1 M  H2SO4 
with different times are shown in Figure 6.12. The number of silanol groups increases with 
the increase of oxidation time but is not significant after 30 min. A maximum increase of 27 
% is reached for 120 min treatment.
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Figure 6.12. IR transmission spectrum of SBA-15 (a) Calcinated (b) 5 min (c) 
10 min (d) 30 min (e) 60 min (f) 120 min oxidized by 1 M H2SO4 at 25 °C.

The effects of increasing oxidation time are not evident. Illustrative nitrogen adsorption 
isotherms of 5 M H2SO4 oxidized for different times compared with the calcinated sample are 
shown in Figure 6.13. Both samples show a type IV isotherm curve with a type 1 hysteresis 
loop and are almost identical. This indicates that  the oxidation treatment time does not affect 
the pore structure. Each isotherm is offset in the y-axis to make it comparable. Pore size 
distributions of the samples are shown in Figure 6.14 and the physical characteristics of the 
samples are summarized in Table 6.4. A shoulder at around 18 nm is observed in the pore size 
distribution. It is observed that the longer the oxidation treatment time of 5 M H2SO4 do not 
affect the physical characteristics or pore size distributions of the samples.

Table 6.4 Physical characteristics of SBA-15 materials after 5 M H2SO4 oxidation treatment 
for different times.

Sample DBJH 

(nm)
VBJH 

(cm3 g-1)
ABET 

(m2 g-1)
Peak pore size 

(nm)

10 min 9.35 1.18 543.24 14.15

30 min 9.54 1.22 560.83 14.01

60 min 9.59 1.19 546.71 14.20

120 min 9.51 1.18 539.85 14.22
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Figure 6.13. Illustrative nitrogen adsorption isotherms of SBA-15 with (a) 10 
min (b) 30 min (c) 60 min (d) 120 min oxidized by 5 M H2SO4 at 25 °C.

Figure 6.14. Pore size distributions of SBA-15 oxidized by 5 M H2SO4 at 25 °C 
for different time intervals.
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FT-IR spectra of calcinated SBA-15 and the comparison of SBA-15 oxidized with 5 M  H2SO4 
with different time are shown in Figure 6.15. A weak peak observed in spectrum (d) at 590 
cm-1 is assigned to the HSO4- stretching mode vibration from the residuals of sulfuric acids. 
The number of silanol groups increases with the increasing of oxidation time but is not 
significant after 30 min. A maximum increase of 42 % is reached for this method compared to 
the calcinated sample.

Figure 6.15. IR transmission spectrum of SBA-15 (a) Calcinated (b) 10 
min (c) 30 min (d) 60 min (e) 120 min oxidized by 5 M H2SO4 at 25 °C.

Illustrative nitrogen adsorption isotherms of K2Cr2O7−H2SO4 mixture oxidized for different 
time compared with the calcinated sample are shown in Figure 6.16. Both samples show a 
type IV isotherm curve with a type 1 hysteresis loop and are almost  identical. This indicates 
that the oxidation treatment time does not affect the pore structure. Each isotherm is offset in 
the y-axis to make it comparable. Pore size distributions of the samples are shown in Figure 
6.17 and the physical characteristics of the samples are summarized in Table 6.5. It is 
observed that the oxidation treatment of K2Cr2O7−H2SO4 mixture slightly  increases the BET 
surface area, the mesopore volume and the average pore diameter while preserving the order 
of the pore structure.
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Figure 6.16. Illustrative nitrogen adsorption isotherms of SBA-15 with (a) calcinated 
(b) 5 min (c) 120 min oxidized by K2Cr2O7−H2SO4 mixture.

Figure 6.17. Pore size distributions of SBA-15 oxidized by K2Cr2O7−H2SO4 mixture at 
25 °C for 5 min and 120 min.

44



Table 6.5 Physical characteristics of SBA-15 materials after K2Cr2O7−H2SO4 mixture 
oxidation treatment, comparison of treatment time.

Sample DBJH 

(nm)
VBJH 

(cm3 g-1)
ABET 

(m2 g-1)
Peak pore size 

(nm)

Calcinated 10.41 1.51 697.06 18.27

5 min 10.67 1.64 753.42 18.73

120 min 10.71 1.59 716.22 19.21

FT-IR spectra of calcinated SBA-15 and the comparison of SBA-15 oxidized with 
K2Cr2O7−H2SO4 mixture with different time are shown in Figure 6.18. The number of silanol 
groups increases with the increase of oxidation time yet not reached the limit at  120 min. An 
increase of 35 % is reached for 120 min treatment.

Figure 6.18. IR transmission spectrum of SBA-15 with (a) Calcinated (b) 5 min (c) 
120 min oxidized by K2Cr2O7−H2SO4 mixture.
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6.3 Electroless Copper Deposition

The oxidizing agent used in electroless copper deposition in this work is K2Cr2O7−H2SO4 
mixture. The effect of reaction temperature during the copper deposition step  was examined, 
at 25 °C and 60 °C. The effect of reaction time was examined stepwise. The samples were 
characterized by SEM and TEM to observe the structural differences by direct imaging.

Illustrative nitrogen isotherms of stepwise physisorption study are shown in Figure 6.19. Both 
samples studied after each step of electroless copper deposition show a type IV isotherm 
curve with a type 1 hysteresis loop and are almost identical except after the copper deposition 
step. This indicates that the pretreatment in acetone and oxidation treatments do not affect the 
order of the pore structure or the pore size distribution. Each isotherm is offset in the y-axis to 
make it  comparable. After the sensitization step, a slight difference in the hysteresis loop is 
observed. This is also confirmed by the differences in the pore size distributions.

Figure 6.19. Illustrative nitrogen adsorption isotherms of stepwise study of 
electroless copper deposition on SBA-15. (a) Calcinated, (b) after sonicated in 
acetone, (c) after oxidization, (d) after sensitization, (e) after activation, (f) after 
copper deposition. A zoom in of (f) is shown in the inlet.

(f)
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After the copper deposition step, the hysteresis loop shown in the inlet of Figure 6.19(f) 
indicates that there is no ordered pore structure in the silica. Noted that the quantity  adsorbed 
after copper deposition are considerably lower.

Pore size distributions of the samples are shown in Figure 6.20 and the physical 
characteristics of the samples are summarized in Table 6.6. The values of mesopore and 
micropore volume are standing constant, with a slightly increment after oxidation treatment, 
indicating that the high stability of the mesoporous structure during the treatments prior to the 
copper reduction. Hence, the mesopores and micropores can be assumed to be fully  accessible 
and not blocked by the metal ions on the surface of the mesopores during the treatments. The 
higher increment in pore volume is observed in the micropore volume value after oxidation  
treatment, where a 40 % increment is observed. 

The result indicates that the silica surfaces are slightly  etched; more defect sites and larger 
micropore volume are created during the treatment. The limited diffusivity due to higher 
relative contents of micropores leads to the trapping metal ions and induces the reaction on 
pore surfaces as described in Chapter 3.

Figure 6.20. Pore size distributions of stepwise study of electroless 
copper deposition on SBA-15.
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Table 6.6 Stepwise study of physical characteristics of SBA-15 materials after each electroless 
copper deposition step.

Electroless 
copper 

deposition steps

DBJH 

(nm)
VBJH 

(cm3 g-1)
mesopore    micropore

ABET 

(m2 g-1)
Peak pore 
size (nm)

As-synthesized 11.13 1.65 0.0397 616.40 18.18

Pretreatment 10.49 1.67 0.0490 644.00 18.46

Oxidation 12.16 1.71 0.0694 695.50 18.66

Sensitization 12.90 1.71 0.0666 658.60 20.32

Activation 12.39 1.83 0.0712 702.20 20.59

Deposition 3.60 0.07 0.0071 90.80 x*

*pore structure are destructed after basic treatment (pH ~ 12)

Stepwise FT-IR study of electroless copper deposition on SBA-15 are shown in Figure 6.21. 
The disappearance of silanol groups at 950 cm-1 in Figure 6.21 (e) suggests an anchoring 
mechanism involving the grafting of metal ions on surface silanol groups and the inducement 
of the reaction on the sites. 

Figure 6.21. Step wise FTIR study of electroless copper deposition on SBA-15 of (a) 
Calcinated, (b) after oxidization, (c) after sensitization, (d) after activation, (e) after 
copper deposition.
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The silica structure is destroyed after the copper deposition step, due to the destruction of pore 
walls arrangement under basic condition. The pore structures can not be resolved as 
previously  while the size of the crystallites are similar but with irregular shape and edges after 
the reaction. Previously  separated sheet-like particles formed dense agglomerates and are 
without a general morphology after the deposition, as shown in Figure 6.22.

Figure 6.22. Scanning electron micrographs of SBA-15 (a) before and 
(b) after electroless copper deposition.

3 µm10 µm

(a) (b)

Figure 6.23. X-ray diffractogram of the Cu nanoparticles within the 
silica matrix.
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To confirm that  the Cu nanoparticles formed are pure copper metallic nanoparticles powder 
X-ray diffraction was performed (Figure 6.23). Bragg’s reflection for copper nanoparticles are 
observed in XRD pattern at 2 θ value of 43.4º and 50.1º corresponding to 111 and 200 
reflections of fcc structured copper with the space group of Fm3m. The calculated lattice 
constant a=3.6126, is in good agreement with the literature value a=3.6150 Å (ICSD number: 
04-0836). No traces of copper oxides (Cu2O or CuO) were observed.

6.3.1 Reaction Temperature

Figure 6.24 shows SEM micrographs of samples deposited at different temperatures. The 
morphologies are similar but the surface structures are very different. For the sample 
deposited at 25 °C, the surfaces are very rough and representing a corroded feature. For the 
sample deposited at 60 °C, the surfaces are rather smooth. Besides, it is not possible to resolve 
copper nanoparticles with SEM due to their small size. However, EDS was applied and to get 
an idea about the approximate composition, i.e. the copper contents with respect to silicon and 
oxygen in the sample. Regardless to the differences in pretreatments, for copper deposited at 
25 °C the average atomic percentage of copper is 6.06 % and for copper depositions at 60 °C, 
the average atomic percentage of copper is 6.83 %. There is no observed correlations between 
copper content and deposition time.

Figure 6.24. Scanning electron micrographs of electroless copper deposition on 
SBA-15 at (a) 25 °C and (b) 60 °C.

2 μm 2 μm

(a) (b)

Figure 6.25 and Figure 6.26 show TEM micrographs of samples deposited at 25 °C and 60 °C 
respectively. In Figure 6.25 (a) and Figure 6.26 (a) highly  disperse copper nanoparticles 
distributed onto the silica matrix are observed. The lower resolution (LR) TEM micrograph of 
the product shows that the structure consists of a dense silica matrix network and 
homogeneous sized copper nanoparticles distributed on the silica surface and inside the silica 
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matrix. The contrast provided in the silica matrix suggests a layer-by-layer stacking of silica 
sheets, which confirms the observations in SEM.

As seen in the micrograph, the spherically shaped nanoparticles did not aggregate but  are 
well-separated within the silica matrix. The nanoparticles have an average diameter of 5.5 nm 
and a standard deviation σ=0.8 nm as counted in the TEM micrographs. It is worthy 
mentioned that homogeneously copper nanoparticles were successfully  prepared via 
electroless route in mesoporous silica SBA-15 support.

Figure 6.25. Transmission electron micrographs of electroless copper deposition 
on SBA-15 at 25 °C; (a) low resolution and (b) high resolution.

20 nm 1 nm

(a) (b)

~2.1 Å

Figure 6.26. Transmission electron micrographs of electroless copper deposition 
on SBA-15 at 60 °C; (a) low resolution and (b) high resolution.

10 nm 2 nm

(a) (b)
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Due to the fact that the continuously destruction of silica structures by high energy electron 
beam in the TEM, only  the nanoparticles situated on the outer surfaces can be resolved at very 
high magnification (> 300 kX), as shown in Figure 6.25 (b) and Figure 6.26 (b). Although the 
contrast of the micrographs is poor due to drifting, the (111) planes can be observed, 
indicating a high crystallinity  in the nanoparticle. The d111 spacing (2.1 Å) are marked by 
arrows in the micrographs. The presence of copper was also confirmed by performing EDS in 
TEM, though the data are not shown. 

The pore channels are not visible after copper deposition due to the destruction of the pore 
arrangement during the reaction of the reduction of copper ions. As described in experimental 
details (Chapter 5), the coating step was made in basic conditions under the pH control of 
NaOH, which is a typical agent (as well as HF) used to dissolve mesoporous silica when it 
serves as a templating material108.

6.3.2 Reaction Time

The effects of reaction time during pretreatment, sensitization and copper deposition were 
examined. The samples were characterized by physisorption, SEM and TEM.

Illustrative nitrogen adsorption isotherms of SBA-15 with different pretreatment times 
sonicated in acetone are shown in Figure 6.27. Both samples show a type IV isotherm curve 
with a type 1 hysteresis loop and are almost identical. This indicates that the acetone 
pretreatment does not affect the pore structure. Each isotherm is offset in the y-axis to make it 
comparable. 

Figure 6.27. Illustrative nitrogen adsorption isotherms of SBA-15 with (a) 
calcinated, (b) 5 min and (c) 30 min sonicated in acetone.
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Pore size distributions of the samples are shown in Figure 6.28 and the physical 
characteristics are summarized in Table 6.7. The BET surface area and mesopore volume 
increase with the increasing treatment time and is continuing to 30 min. A longer treatment 
time may result in further increases of surface area until a limit is reached. The treatments do 
not change the pore size distribution with time. 

Table 6.7 Physical characteristics of SBA-15 materials after acetone treatment, comparison of 
treatment time.

Sample DBJH 

(nm)
VBJH 

(cm3 g-1)
ABET 

(m2 g-1)
Peak pore size 

(nm)

Calcinated 10.42 1.51 697.06 18.27

5 min 10.29 1.54 709.37 18.33

30 min 10.38 1.59 732.14 18.75

Figure 6.28. Pore size distributions of SBA-15 sonicated in acetone with different time.

Illustrative nitrogen adsorption isotherms of SBA-15 with different sensitization time are 
shown in Figure 6.29. Both samples show a type IV isotherm curve with a type 1 hysteresis 
loop. A longer sensitization time, 60 min, has widened the hysteresis loop, which indicates a 
less ordered structure compared to the 5 min sensitized sample. Pore size distributions of the 
samples are shown in Figure 6.3.
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Figure 6.29. Illustrative nitrogen adsorption isotherms of SBA-15 with 
(a) 5 min and (b) 60 min sensitization treatment.

Figure 6.30. Pore size distributions of SBA-15 sensitized with different time.
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The physical characteristics of the samples with different sensitization time are summarized in 
Table 6.8. A longer sensitization time increases the surface area and the average pore size, 
which are resulting from the dissolving mechanism of silica promoted in acidic solution.

Table 6.8 Physical characteristics of SBA-15 materials after sensitization treatment, 
comparison of treatment time.

Sample DBJH 

(nm)
VBJH 

(cm3 g-1)
ABET 

(m2 g-1)
Peak pore size 

(nm)

5 min 12.90 1.71 658.66 19.75

60 min 13.39 1.68 706.37 18.51

Figure 6.31 shows TEM  micrographs of samples deposited at 25 °C for different reaction 
times in the deposition step. In Figure 6.31 (a) highly dispersed copper nanoparticles are 
embedded in the silica matrix. With a longer reaction time (Figure 6.31 (b)) larger 
agglomeration of copper particles are formed, and the size distribution of the copper particles 
are wider. Spherical particles are no longer the major geometry of the products. 

Figure 6.31. Transmission electron micrographs of electroless copper deposition 
on SBA-15 for (a) 180 min and (b) 600 min.

20 nm20 nm

(a) (b)

Figure 6.32 shows TEM  micrographs of samples deposited at 25 °C for different reaction 
time. Figure 6.32 (a) shows the sample after copper deposition when a longer pretreatment 
time (30 min) in acetone is applied. Larger spherical copper particles are formed on the outer 
surface of SBA-15. In Figure 6.32 (b), the copper particles are not homogeneously dispersed 
but form larger agglomerates as compared to Figure 6.26 (a).
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Figure 6.32. Transmission electron micrographs of electroless copper deposition on 
SBA-15 of (a) longer pretreatment time in acetone and (b) longer oxidation time.

10 nm 20 nm

(a) (b)

Figure 6.33 shows SEM  micrographs of a reference sample. Copper deposition was 
performed on this sample without any oxidation, sensitization and activation treatments. The 
grape-like morphology in Figure 6.33 (a) is caused by numbers of large copper agglomerates. 
Large agglomerations are typical products when copper ions are reduced in the solution but 
not on the surfaces inside the silica pore channels. Figure 6.33 (b) shows another area of the 
same sample, where only  silica is observed. This indicates that the copper agglomerates are 
not homogeneously distributed in the silica matrix.

Figure 6.33. Scanning electron micrographs of copper deposition on SBA-15 without 
any treatments.

3 µm 2 µm

(a) (b)

In summary, utilizing the pore channels of mesoporous silica as mesoreactor inducing 
electroless copper deposition results in homogeneous and highly dispersed copper 
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nanoparticles embedded in the silica matrix. The resulting products remarkably  differ from 
the previously reports, in which flat solid supports were used109,110,111.

The pretreatment  and oxidation process strongly affects the physical characteristics of the as-
synthesized SBA-15. The BET surface area increases significantly after 30 min of 
pretreatment in acetone and a 42 % increment of silanol groups can be achieved through 
oxidation. As a result the quality and number of the grafted metal ions can be improved.

6.4 pH

The effect  of pH value of the copper deposition step was examined. After 2 h of depositing 
time at 25 °C, samples deposited in pH 9 to pH 11 show no evidence of copper deposition. 
The solution remains light bluish in color and only white powders were collected after 
filtration and washing with deionized water. For pH 9 and pH 10, the solution remains light 
bluish in color after 6 h. There was only a small amount of copper that was reduced for pH 11.
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Chapter 7

7. Conclusions

In conclusion, a facile synthesis of copper nanoparticles in ordered, cylindrical pore channels 
has been demonstrated in this report. The size and morphology  of the pore channels of 
SBA-15 organized the formation of copper. The SiOx based sheet-like mesoporous materials 
has been utilized as a mesoreactor, performing electroless copper deposition in the pore 
channels with ultrasonic radiation to obtain copper nanoparticles for the first time.

The silica surface modified by  pretreatments and oxidation processes has more 
homogeneously distributed copper nanoparticles compared to non-treated sample. The 
pretreatments and oxidation processes increase the surface area and the total pore volume 
significantly. Longer oxidation time and higher reagent concentration did not further improve 
the surface properties as expected. The higher extent of micropores introduced by the 
oxidation process limited the diffusion of metal ions and consequently  induces the reaction in 
the mesopore channels. The sensitization and activation times were not critical parameters for 
improving or controlling the copper deposition. The destruction of silica framework by the 
attacks of hydroxide ions (−OH) in NaOH solution was observed. However, the reduction of 
copper ions into metallic copper did not occur at pH lower than 12.

Homogeneously  separated copper nanoparticles embedded in a SiOx matrix have been 
successfully  synthesized.  The particles have diameters around 5 nm and the size distribution 
is narrow. No evidence of copper oxides was found in powder XRD and no capping agent is 
needed during the synthesis. The synthesized copper nanoparticles are very  stable in silica 
matrix even for months.
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Chapter 8

8. Future Works

Due to the difficulties of synthesizing homogeneous size distributed copper nanostructure, the 
outlook for copper nanoparticles is not as pronounced as gold-based nanomaterials so far. 
However, recent improvements in the syntheses widened the research field.

Copper nanoparticles with homogeneous size distribution can be fabricated through 
electroless copper deposition in mesoporous silica channels. Further understanding of the 
formation mechanisms of copper nanoparticles on reaction conditions would allow tailoring 
the sizes and distributions to specific needs. To understand the mechanisms of formation, 
studies of the effects of transport properties in mesoporous channels as reaction parameters 
are required.

In order to control the size distributions and morphologies of copper nanoparticles, the 
stability  of silica framework against the acidic treatment and the attack of hydroxide ions 
(−OH) should be studied. Raman spectroscopy100 and NMR measurements together can draw 
a full picture about what happens on the silica surface. Chemisorption analysis could also be 
utilized to examine the accessibility of the copper nanoparticles embedded in silica matrix. 
These characterization techniques are suggested for future approaches.

Furthermore, it is worthwhile trying the similar methodology on mesoporous silica thin film 
systems. Developments on depositing SBA-15 on substrates and make the pores accessible 
from the top is therefore another important issue.

61



62



Bibliography

63

1 Freestone et al. The Lycurgus Cup–A Roman Nanotechnology. Gold Bull. (2007) vol. 40 (4) pp. 270-277

2 Faraday. The Bakerian lecture: experimental relations of gold (and other metals) to light. Phil. Trans.  R. Soc. B 
(1857) vol. 147 pp. 145-181

3 Board of CeNano. (2003)

4  Sing et al. Reporting physisorption data for gas/solid systems with special reference to the determination of 
surface area and porosity. Pure Appl. Chem. (1985) vol. 57 (4) pp. 603–619

5 Suib. Zeolitic and layered materials. Chem. Rev. (1993) vol. 93 (2) pp. 803-826

6 Wan and Zhao. On the controllable soft-templating approach to mesoporous silicates. Chem. Rev. (2007) vol. 
107 (7) pp. 2821-60

7  Corma. From microporous to mesoporous molecular sieve materials and their use in catalysis. Chem. Rev 
(1997) vol. 97 (6) pp. 2373-2420

8 Kresge et al.  Ordered mesoporous molecular sieves synthesized by a liquid-crystal template mechanism. Nature 
(1992) vol. 359 (6397) pp. 710-712

9 Beck et al. A new family of mesoporous molecular sieves prepared with liquid crystal templates. J. Am. Chem. 
Soc. (1992) vol. 114 (27) pp. 10834-10843

10  Yanagisawa et al. The Preparation of Alkyltriinethylaininonium–Kaneinite Complexes and Their Conversion 
to Microporous Materials. B. Chem. Soc. Jpn. (1990) vol. 63 (4) pp. 988-992

11  Zhao et al. Triblock copolymer syntheses of mesoporous silica with periodic 50 to 300 angstrom pores. 
Science (1998) vol. 279 (5350) pp. 548-552

12  Jana et al. Pore size control of mesoporous molecular sieves using different organic auxiliary chemicals. 
Micropor. Mesopor. Mat. (2004) vol. 68 (1-3) pp. 133-142

13 Sayari et al. New approaches to pore size engineering of mesoporous silicates. Adv. Mater. (1998) vol. 10 (16) 
pp. 1376-1379

14 Zhang et al. Engineered Complex Emulsion System:  Toward Modulating the Pore Length and Morphological 
Architecture of Mesoporous Silicas. J. Phys. Chem. B (2006) vol. 110 (51) pp. 25908-25915

15  Chang and Huang. Formation of Indium Nitride Nanorods within Mesoporous Silica SBA-15. Inorg. Chem. 
(2008) vol. 47 (8) pp. 3135-3139

16  Feng. Functionalized Monolayers on Ordered Mesoporous Supports. Science (1997) vol.  276 (5314) pp. 
923-926

17 Dai et al. Imprint coating: a novel synthesis of selective functionalized ordered mesoporous sorbents. Angew. 
Chem. Int. Edit. Eng. (1999) vol. 38 (9) pp. 1235-1239

18  Liu et al. A new class of hybrid mesoporous materials with functionalized organic monolayers for selective 
adsorption of heavy metal ions. Chem. Commun. (2000) (13) pp. 1145-1146

19 Yu et al. High-yield synthesis of periodic mesoporous silica rods and their replication to mesoporous carbon 
rods. Adv. Mater. (2002) vol. 14 (23) pp. 1742-1745

20  Jin et al. Gold nanoparticles stabilized in a novel periodic mesoporous organosilica of SBA-15 for styrene 
epoxidation. Micropor. Mesopor. Mat. (2008) vol. 111 (1-3) pp. 569-576

21 Song et al. Functionalized SBA-15 Materials as Carriers for Controlled Drug Delivery: Influence of Surface 
Properties on Matrix− Drug Interactions. Langmuir (2005) vol. 21 (21) pp. 9568-9575



64

22  Shah et al. Structural features of Penicillin acylase adsorption on APTES functionalized SBA-15. Micropor. 
Mesopor. Mat. (2008) vol. 116 (1-3) pp. 157-165

23  Lin et al. Silver Nanoparticles Confined in SBA-15 Mesoporous Silica and the Application as a Sensor for 
Detecting Hydrogen Peroxide. J. Nanomater. (2008) vol. 2008 pp. 1-11

24  Li et al. Size Tunable Gold Nanorods Evenly Distributed in the Channels of Mesoporous Silica. ACS Nano 
(2008) vol. 2 (6) pp. 1205-1212

25  Whitesides and Boncheva. Beyond molecules: self-assembly of mesoscopic and macroscopic components. 
Proc Natl Acad Sci USA (2002) vol. 99 (8) pp. 4769-74

26 Davies et al. Interfacial phenomena. J. Electrochem. Soc. (1962) vol. 109 (7) pp. 175C

27 Hench and West. The sol-gel process. Chem. Rev. (1990) vol. 90 (1) pp. 33-72

28  Zhao et al. Nonionic triblock and star diblock copolymer and oligomeric surfactant syntheses of highly 
ordered,  hydrothermally stable, mesoporous silica structures.  J. Am. Chem. Soc. (1998) vol.  120 (24) pp. 
6024-6036

29  Zheng et al. Directly resolved core-corona structure of block copolymer micelles by cryo-Transmission 
Electron Microscopy J. Phys. Chem. B (1999) vol. 103 (47) pp. 10331-10334

30 Holmberg et al. Surfactants and Polymers in Aqueous Solution. John Wiley & Sons,  Limited,  2002 (2002) pp. 
496

31  (a) Israelachvili et al.  Theory of self-assembly of hydrocarbon amphiphiles into micelles and bilayers. J. 
Chem. Soc. (1976) vol. 2 (72) pp. 1525 - 1568, (b) Israelachvili et al.  Theory of self-assembly of lipid bilayers 
and vesicles. Biochim. Biophys. Acta (1977) vol. 470 (2) pp. 185-201

32  Huo et al. Surfactant control of phases in the synthesis of mesoporous silica-based materials. Chem. Mat. 
(1996) vol. 8 (5) pp. 1147–1160

33  IUPAC. Compendium of Chemical Terminology, 2nd ed. (the "Gold Book"). Compiled by A. D. McNaught 
and A.Wilkinson. Blackwell Scientific Publications, Oxford (1997)

34  Yu et al.  Salt effect in the synthesis of mesoporous silica templated by non-ionic block copolymers. Chem. 
Commun. (2001) vol. 2001 (24) pp. 2726-2727

35  Yamada et al.  Pore size controlled mesoporous silicate powder prepared by triblock copolymer templates. 
Mater. Lett. (2002) vol. 56 (1-2) pp. 93-96

36 Ebelmen, M., Ann. Chimie Phys. (1846) vol. 16, 129

37  Bagshaw et al. Templating of mesoporous molecular sieves by nonionic polyethylene oxide surfactants. 
Science (1995) vol. 269 (5228) pp. 1242-1244

38  Antonietti and Goltner. Superstructures of functional colloids: chemistry on the nanometer scale.  Angew. 
Chem. Int. Edit. Eng. (1997) vol. 36 (9) pp. 910-928

39  Kruk and Cao. Pore Size Tailoring in Large-Pore SBA-15 Silica Synthesized in the Presence of Hexane. 
Langmuir (2007) vol. 23 (13) pp. 7247-7254

40 Galarneau et al. Microporosity and connections between pores in SBA-15 mesostructured silicas as a function 
of the temperature of synthesis. New J. Chem. (2002) vol. 27 (1) pp. 73-79

41  Ruggles et al. Expanded Mesoporous Silicate Films Grown at the Air−Water Interface by Addition of 
Hydrocarbons. Langmuir (2003) vol. 19 (3) pp. 793-800

42  Lettow et al.  Hexagonal to mesocellular foam phase transition in polymer-templated mesoporous silicas. 
Langmuir (2000) vol. 16 (22) pp. 8291-8295

43  Sun et al. Alkanes-assisted low temperature formation of highly ordered SBA-15 with large cylindrical 
mesopores. Chem. Commun. (2005) (42) pp. 5343



65

44 Emma M. Johansson, José M. Códoba, and Magnus Odén. Synthesis and characterization of large mesoporous 
silica SBA-15 sheets with ordered accessible 18 nm pores. Submitted to Materials Letters.

45  Yu et al. Nonionic block copolymer synthesis of large-pore cubic mesoporous single crystals by use of 
inorganic salts. J. Am. Chem. Soc. (2002) vol. 124 (17) pp. 4556-4557

46 Elisseeva et al. Influence of NaCl on the Behavior of PEO− PPO− PEO Triblock Copolymers in Solution, at 
Interfaces, and in Asymmetric Liquid Films. Langmuir (2005) vol. 21 (11) pp. 4954-4963

47  Denkova et al. Effects of Salts and Ethanol on the Population and Morphology of Triblock Copolymer 
Micelles in Solution. J. Phys. Chem. B (2008) vol. 112 (3) pp. 793-801

48 Chong and Zhao. Functionalization of SBA-15 with APTES and characterization of functionalized materials. 
J. Phys. Chem. B (2003) vol. 107 (46) pp. 12650-12657

49  Burkett et al. Synthesis of hybrid inorganic–organic mesoporous silica by co-condensation of siloxane and 
organosiloxane precursors. Chem. Commun. (1996) (11) pp. 1367-1368

50  Fryxell et al.  Design and synthesis of self-assembled monolayers on mesoporous supports (SAMMS): The 
importance of ligand posture in functional nanomaterials. J. Mater. Chem. (2007) vol. 17 (28) pp. 2863-2874

51  Rosenholm et al. Hyperbranching Surface Polymerization as a Tool for Preferential Functionalization of the 
Outer Surface of Mesoporous Silica †. Chem. Mat. (2008) vol. 20 (3) pp. 1126-1133

52 Yang et al. Consecutive Generation of Mesopores and Micropores in SBA-15. Chem. Mat.  (2003) vol. 15 (20) 
pp. 3739-3741

53  Yang et al. Simultaneous removal of copolymer template from SBA-15 in the crystallization process. 
Micropor. Mesopor. Mat. (2005) vol. 81 (1-3) pp. 107-114

54 Tian et al. Microwave assisted template removal of siliceous porous materials. Chem. Commun. (2002) (11) 
pp. 1186-1187

55 Bae and Han. Removal of copolymer template from SBA-15 studied by 1H MAS NMR. Micropor. Mesopor. 
Mat. (2007) vol. 106 (1-3) pp. 304-307

56 Jung et al. Preparation and characterization of γ-Fe2O3 nanoparticles in SBA15 host material. J. Magn. Magn. 
Mater. (2004) vol. 272 pp. 1157-1159

57  Yang et al.  One-Step Synthesis of Highly Ordered Mesoporous Silica Monoliths with Metal Oxide 
Nanocrystals in their Channels. Adv. Funct. Mater. (2005) vol. 15 (8) pp. 1377-1384

58  Escax et al.  Nanocasting, templated syntheses and structural studies of manganese oxide nanoparticles 
nucleated in the pores of ordered mesoporous silicas (SBA-15). Comptes rendus-Chimie (2005) vol.  8 (3-4) 
pp. 663-677

59  Jin et al. Gold nanoparticles stabilized in a novel periodic mesoporous organosilica of SBA-15 for styrene 
epoxidation. Micropor. Mesopor. Mat. (2008) vol. 111 (1-3) pp. 569-576

60 Warren et al. Nanoparticle-tuned assembly and disassembly of mesostructured silica hybrids. Nature Materials 
(2007) vol. 6 (2) pp. 156-161

61  Li et al.  Ordered Mesoporous Ni Nanowires with Enhanced Hydrogenation Activity Prepared by Electroless 
Plating on Functionalized SBA-15. Chem. Mat. (2008) vol. 20 (12) pp. 3936-3943

62  Yang et al.  Synthesis of Ag/Pd nanoparticles via reactive micelles as templates and its application to 
electroless copper deposition. J. Colloid Interf. Sci. (2004) vol. 279 (2) pp. 433-439

63 Yuranov et al. Pd/SiO2 catalysts: synthesis of Pd nanoparticles with the controlled size in mesoporous silicas. 
J. Mol. Catal. A (2003) vol. 192 (1-2) pp. 239-251

64  Lin et al. Silver Nanoparticles Confined in SBA-15 Mesoporous Silica and the Application as a Sensor for 
Detecting Hydrogen Peroxide. J. Nanomater. (2008) vol. 2008 pp. 1-11



66

65  Chang and Huang. Formation of Indium Nitride Nanorods within Mesoporous Silica SBA-15. Inorg. Chem. 
(2008) vol. 47 (8) pp. 3135-3139

66  Hsu et al.  Facile Synthesis of Mesoporous Silica SBA-15 with Additional Intra-Particle Porosities. Chem. 
Commun (2007) vol. 19 (5) pp. 1120-1126

67  Yang et al. Selective surface functionalization and metal deposition in the micropores of mesoporous silica 
SBA-15. Chem. Mat. (2007) vol. 19 (13) pp. 3205-3211

68 (a) Yang et al. Consecutive Generation of Mesopores and Micropores in SBA-15. Chem. Mat. (2003) vol. 15 
(20) pp. 3739-3741, (b) Yang et al.  Stepwise removal of the copolymer template from mesopores and 
micropores in SBA-15. Chem. Mat. (2004) vol. 16 (15) pp. 2918-2925

69  Jun et al. Synthesis of new, nanoporous carbon with hexagonally ordered mesostructure. J. Am. Chem. Soc 
(2000) vol. 122 (43) pp. 10712-10713

70  Lam et al.  Fabrication of Copper Nanowire Encapsulated in SBA-15 Nanocomposite by Metal Organic 
Chemical Vapor Deposition. Nanoscience and Nanotechnology, 2006. ICONN '06. International Conference 
(2006)

71 Hoang et al. Structure and Diffusion Characterization of SBA-15 Materials.  Langmuir (2005) vol. 21 (5) pp. 
2051-2057

72 Galarneau et al. Microporosity and connections between pores in SBA-15 mesostructured silicas as a function 
of the temperature of synthesis. New J. Chem. (2002) vol. 27 (1) pp. 73-79

73 Galarneau et al. Understanding the Stability in Water of Mesoporous SBA-15 and MCM-41. J. Phys.  Chem. C 
(2007) vol. 111 (23) pp. 8268-8277

74  Coasne et al. Adsorption of Simple Fluid on Silica Surface and Nanopore: Effect of Surface Chemistry and 
Pore Shape. Langmuir (2008) vol. 24 (14) pp. 7285-7293

75 Yeshchenko et al. Size-dependent melting of spherical copper nanoparticles embedded in a silica matrix. Phys. 
Rev. B (2007) vol. 75 (8) pp. 1-6

76  Wang et al. Fabrication and characterization of copper nanoparticle thin-films and the electrocatalytic 
behavior. Anal. Chim. Acta (2004) vol. 526 (1) pp. 13-17

77 Tarasov et al. Study of friction reduction by nanocopper additives to motor oil.  Wear (2002) vol. 252 (1-2) pp. 
63-69

78  Larsen and Noriega. Dendrimer-mediated formation of Cu–CuOx nanoparticles on silica and their physical 
and catalytic characterization. Applied Catalysis A, General (2004) vol. 278 (1) pp. 73-81

79 Liu et al. Catalytic Synthesis and Structural Characterizations of a Highly Crystalline Polyphenylacetylene …. 
J. Am. Chem. Soc (2007) vol. 129 (43) pp. 12922 - 12923

80 Ahmadi et al.  Shape-controlled synthesis of colloidal platinum nanoparticles. Science (1996) vol. 272 (5270) 
pp. 1924-1925

81 Bönnemann et al. Preparation, characterization, and application of fine metal particles and metal colloids using 
hydrotriorganoborates. J. Mol. Catal. A (1994) vol. 86 pp. 129-177

82 Somorjai and Borodko. Research in nanosciences–great opportunity for catalysis science. Catal. Lett. (2001) 
vol. 76 (1-2) pp. 1-5

83 Salavati-Niasari and Davar. Synthesis of copper and copper(I) oxide nanoparticles by thermal decomposition 
of a new precursor. Mater. Lett. (2009) vol. 63 (3-4) pp. 441-443

84 Zhu et al. Novel synthesis of copper nanoparticles: influence of the synthesis conditions on the particle size. 
Nanotechnology (2005) vol. 16 (12) pp. 3079-3083

85  Pileni et al. Direct relationship between shape and size of template and synthesis of copper metal particles. 
Adv. Mater. (1999) vol. 11 (16) pp. 1358-1362



67

86 Chen and Sommers. Alkanethiolate-protected copper nanoparticles: spectroscopy, electrochemistry, and solid-
state morphological evolution. J. Phys. Chem. B (2001) vol. 105 (37) pp. 8816-8820

87 Kim et al. Synthesis of Cu Nanoparticles Prepared by Using Thermal Decomposition of Cu-oleate Complex. 
Molecular Crystals and Liquid Crystals (2006) vol. 445 pp. 231-238

88  Chawla and Chandra. Synthesis and structural characterization of nanostructured copper. J. Nanopart. Res. 
(2009) vol. 11 (2) pp. 297-302

89  Dhas et al. Synthesis,  characterization, and properties of metallic copper nanoparticles. Chem. Mater (1998) 
vol. 10 (5) pp. 1446-1452

90  Mott et al.  Synthesis of size-controlled and shaped copper nanoparticles. Langmuir (2007) vol. 23 (10) pp. 
5740-5745

91 Yu et al. Synthesis and Characterization of Monodispersed Copper Colloids in Polar Solvents. Nanoscale. Res. 
Lett. (2009) vol. 4 (5) pp. 465-470

92 Stewart et al. Nanostructured Plasmonic Sensors. Chem. Rev. (2008) vol. 108 (2) pp. 494-521

93 Nath and Chilkoti.  Label free colorimetric biosensing using nanoparticles. Journal of Fluorescence (2004) vol. 
14 (4) pp. 377-389

94 Narcus H., Metal Finishing. (1947) vol. 45 (64)

95 Cohen and West. Generative and Stabilizing Processes in Tin‐Palladium Sols and Palladium Sol Sensitizers. J. 
Electrochem. Soc. (1973) vol. 120 (4) pp. 502-508

96  Sard. The nucleation, growth, and structure of electroless copper deposits. J. Electrochem. Soc. (1970) vol. 
117 (7) pp. 864-870

97  Yung et al.  Plating of Copper into Through‐Holes and Vias. J. Electrochem. Soc. (1989) vol. 136 (1) pp. 
206-215

98 Lu et al. Electrochemical and thermal behavior of copper coated type MAG-20 natural graphite. Electrochim. 
Acta (2002) vol. 47 pp. 1601-1606

99 Gómez de Salazar et al. Preparation of CNFs surface to coat with copper by electroless process. Mater. Lett. 
(2008) vol. 62 (3) pp. 494-497

100  Rasheed et al. The efficiency of the oxidation of carbon nanofibers with various oxidizing agents. Carbon 
(2007) vol. 45 (5) pp. 1072-1080

101 D'Amico et al. Selective Electroless Metal Deposition Using Patterned Photo‐Oxidation of Sn (II) Sensitized 
Substrates. J. Electrochem. Soc. (1971) vol. 118 (10) pp. 1695-1699

102 P. Scherrer, Göttinger Nachrichten Gesell. Vol. 2 (1918) pp. 98

103 L. de Broglie. Recherches sur la théorie des quanta (Researches on the quantum theory). PhD Thesis (1924)

104 Zangwill. Physics at surfaces. Cambridge University Press (1988) pp. 186

105  Sing et al. Reporting physisorption data for gas/solid systems with special reference to the determination of 
surface area and porosity. Pure Appl. Chem. (1985) vol. 57 (4) pp. 603–619

106  Brunauer et al. Adsorption of gases in multimolecular layers. J. Am. Chem. Soc. (1938) vol. 60 (2) pp. 
309-319

107 Barrett et al. The determination of pore volume and area distributions in porous substances. I. Computations 
from nitrogen isotherms. J. Am. Chem. Soc (1951) vol. 73 (1) pp. 373-380

108  Schuth. Non-siliceous Mesostructured and Mesoporous Materials. Chem. Mat. (2001) vol. 13 (10) pp. 
3184-3195

109 J. M. Córdoba and M. Odén. (2009) doi:10.1016/j.surfcoat.2009.05.007



68

110  X. Cui, D. A. Hutt and P. P. Conway. 2nd Electronics System Integration Technology Conference.  (2008) 
Greenwich, UK

111  J. Ye, Q. W. Chen, Y. Xiong, Y. S.  Chai and P. R.  Chen. Phys. Status Solidi a-Applications and Materials 
Science. (2008) vol. 205 (7) pp. 1580-1584


