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Abstract 
 

Selective metallisation of non-conductive materials is a manufacturing process which is often 

used in the electronics industry to create printed circuit boards, radio-frequency identification 

tags, solar panels and other devices. Selective metallisation is often achieved by a combination 

of blanket metal deposition and photolithography processes. However, photolithography is an 

expensive and time-consuming process which generates hazardous waste. A range of methods 

of selective metal deposition are currently being developed in order to replace the 

photolithography process. 

In the present work, a novel approach of selective electroless copper deposition was 

investigated. Electroless deposition of copper onto non-conductive material requires prior 

catalyst deposition. The concept of this research was to apply a gradient magnetic field during 

catalyst deposition and attract the catalyst exclusively to areas of maximum magnetic field 

strength, meaning subsequent electroless plating should also occur only at these areas. This 

approach requires the catalyst for electroless plating to be magnetic. Therefore, this research 

project focussed on the following areas: 

• Synthesis of magnetic catalyst Fe3O4-Ag composite nanoparticles by a range of 

procedures and characterisation of their size, composition, crystal structure, magnetic 

properties and catalytic activity; 

• The fabrication of the magnetic template and simulation of the magnetic field 

distribution across the substrate surface; 

• Deposition of the magnetic catalyst onto the non-conductive substrate via gradient 

magnetic field application and characterisation of the catalyst in solution and on the 

substrate surface after deposition; 

• Selective electroless copper plating onto the surface of the non-conductive substrates 

that were selectively catalysed by the novel magnetic catalyst and characterisation of 

the coatings. 

Selectively deposited copper lines with a width of 400 µm were obtained using this novel 

approach of selective metallisation. This research project proves that selective electroless 

copper deposition can be achieved by gradient magnetic field application. 
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Introduction  

Electroless plating is a process of metal deposition from an aqueous-based solution. Electroless 

plating is often used to metallise non-conductive materials like plastic, glass, ceramics, and 

fabric. Prior to electroless plating, the surfaces of non-conductive materials need to be activated 

by a catalyst. The most commonly used catalyst is a colloid consisting of palladium and tin 

(Pd/Sn). 

The metal deposited in the electroless plating process usually covers all of the exposed surfaces 

of the immersed substrate. However, for some applications selective metallisation is required 

(Figure 1) [1,2]. For example, in the electronics industry, selective Cu metallisation is used in 

order to obtain conductive tracks or interconnects in large-scale integrated circuits, printed 

circuit boards, photovoltaics, and antennas (Wi-Fi and near-field communication). 

 

Figure 1. Examples of selective electroless plating used for the following applications: A – a near field 
antenna [3], B – a Wi-Fi antenna [4], C – high-powered light emitting diodes connected by copper tracks 
[5]. 

 

Often the photolithography process is used in order to obtain selective metallisation [6,7]. In 

this process the photoresist is deposited onto the substrate (Figure 2, A). The photoresist 

consists of resin, a photoactive compound and a solvent. After deposition onto the substrate, 

the resist is baked in order to remove the solvent. Subsequently, the resist is exposed through 

the photomask by UV-light (Figure 2, B). The photomask consists of transparent and opaque 

regions. The light only goes through transparent regions and the part of the photoresist being 

exposed. Depending on the type of resist –positive or negative – the part of the photoresist 

exposed to light will become more or less soluble, respectively. After this the soluble part of the 

photoresist can be removed by the developer (Figure 2, C). After this stage, depending on the 
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manufacturing process the metal can be deposited onto the substrate or if metal was deposited 

prior to photolithography it can be etched (Figure 2, D). The photoresist can then be completely 

removed by the solvent (Figure 2, E). If the metal was deposited on top of the photoresist, 

removal of photoresist will also cause the metal to be removed. If the etching of metal was used, 

only metal under photoresist will remain on the substrate and selective metallisation has been 

achieved.  

 

Figure 2. Schematic presentation of the steps of the photolithography process.  A – positive photoresist 
deposition onto the bare substrate (left) and onto the pre-deposited metal (right) , B – exposure of the 
photoresist by light through the photomask, C – developing of the pattern, D – deposition of metal (left) 
and etching of metal (right), E – stripping the photoresist. 

 

The main disadvantage of this approach is the cost – 30% of the device manufacturing cost is 

due to photolithography [8]. In addition, the process produces a large amount of organic and 

inorganic waste. Currently a variety of alternative processes are being developed in order to 

replace the photolithography process. These methods usually involve patterning of catalyst 
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deposition so that the subsequent electroless copper plating occurs only at the areas where the 

catalyst was deposited. The most studied processes are: 

• Laser-assisted patterning [9–12]. In this approach the substrate surface is selectively 

excited by a laser (Figure 3, A). There are a range of modifications of this method. For 

example, the catalyst solution can be spin-coated onto the substrate first. Then, the 

required parts are annealed by a laser and the rest of the catalyst is removed.  However 

this approach still requires the use of expensive equipment for generation of the laser 

beam. 

• Ink-jet printing [13–16]. The catalyst ink is printed on the surface in the required pattern 

(Figure 3, B). The main challenges in this technology are to create an ink viscous enough 

to maintain its shape on the substrate after printing and at the same time be fluid 

enough to be extracted from the printer nozzle. This leads to the limitation that small 

element sizes cannot be achieved by this method. Often, annealing of conductive ink is 

required prior to electroless plating. This is conducted at elevated temperatures which 

restricts the choice of materials to those which are resistant to these high temperatures. 

Also this technique requires individual printing of each line, so the pattern is obtained 

line-by-line and not simultaneously. This restricts high-volume selective metallisation 

production. 

• Contact printing [17,18]. Some templates e.g. polydimethylsiloxane (PDMS) are made in 

a required pattern. Then the catalyst solution is deposited on the template (for example 

by dip-coating) and after, the template is placed on the substrate surface to transfer the 

catalyst (Figure 3, C). The main disadvantage of this technique is the contact of the 

template with the surface of the substrate, which can often lead to surface 

contamination.  

All of the described methods have certain limitations and would not be able to replace 

photolithography entirely. That is why the photolithography process still dominates in the 

fabrication of selectively metallised nonconductive materials.  

In the present research, a unique alternative method of selective electroless copper plating of 

non-conductive material was investigated. The idea of the research was to apply a gradient 

magnetic field behind the non-conductive substrate during catalyst deposition and electroless 

metal deposition. The catalyst is attracted by the magnet and will deposit at the regions of 
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maximum magnetic field influence. Subsequent electroless Cu plating appears in a pattern that 

precisely follows that of the magnetic field. 

 

Figure 3. Schematic representation of the working principle of methods of selective metallisation A – 
laser-assisted [10], B – ink-jet printing [16], C – contact printing [19]. 

 

There are no previously published works describing similar research, therefore the goal of this 

study was to investigate whether the described process is even possible. The electroless copper 

(Cu) plating process was investigated because it is widely used in the electronics industry and 

because Cu is not magnetic, so the process of metal film formation should not be influenced by 

the magnetic field. For example, another commonly used electroless plating process uses Ni-P, 

which contains Ni that is a ferromagnetic metal and would thus not be amenable to the current 

method. Electroless Cu is often deposited on epoxy laminate for printed circuit board (PCB) 

manufacturing and therefore a typical PCB epoxy laminate was used as a non-conductive 

substrate. The most commonly used Pd/Sn catalyst is not magnetic and therefore modifications 

of the catalyst were required in order to make it attracted to the magnetic field. 
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Therefore the aim and objectives of this research are the following: 

Aim: investigate whether electroless copper plating can be selectively deposited on non-

conductive material by applying a gradient magnetic field. 

Objectives: 

• Synthesise a catalyst for the electroless copper plating process which can also be 

attracted by a magnetic field; 

• Research how the magnetic field gradient can be created and applied during catalyst 

deposition and electroless copper plating; 

• Selectively deposit the catalyst onto the non-conductive substrate by applying a 

gradient magnetic field in a pre-determined pattern; 

• Deposit copper onto the selectively catalysed non-conductive substrate by the 

electroless plating process and analyse the obtained deposit (if a coating is achieved) 

The following thesis consists of eight chapters. The first chapter is the literature review, which 

presents an overview of the literature on the theory of electroless plating and its initialisation, 

basics of magnetic fields and approaches to patterning and methods of nanoparticles synthesis. 

The second chapter of the thesis is the methodology, which describes the methods used in the 

following experiments. The third chapter describes preliminary study experiments, where the 

magnetic field was applied during the standard electroless plating procedure. The fourth chapter 

covers experiments on synthesis of magnetic catalyst nanoparticles. In the fifth chapter the 

magnetic nanoparticles were used as a catalyst for selective electroless plating and were 

deposited using a single permanent magnet. In the sixth chapter, the magnetic field distribution 

across the substrate was simulated and simulation of the template which allowed patterning of 

the magnetic field was attempted. The seventh chapter shows the final experiments in which 

selective electroless plating was performed using the template developed in chapter six and the 

magnetic catalyst nanoparticles which produced the best results in chapter five. The eighth and 

final chapter includes conclusions from the work and future work suggestions. The work also 

contains two appendices – the first is the ethics application for the project and the second is the 

peer-reviewed paper published from the present work. 
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Chapter 1. Literature review 

Part 1. Electroless plating 
1.1.1 Overview of the electroless deposition process 

The electroless plating process involves the deposition of metal from aqueous solution without 

application of an external electric power source. Non-conductive materials can be metallised by 

this process, unlike electrodeposition which can only deposit metal onto conductive surfaces. 

Prior to electroless plating, the catalyst needs to be deposited onto the substrate. Then, metal 

ions are reduced on the catalysed substrate surface to form a deposited layer. The Cu metal 

itself then becomes a catalyst for further deposition, which allows for the formation of layers 

with different thicknesses. Often, immersion plating is mistakenly referred to as electroless 

deposition. The difference is that in immersion plating, the more noble metal replaces the atoms 

of another metal from the substrate surface and no reducing agent is employed. The process 

cannot be performed on non-conductive materials and the subsequent coating is relatively thin 

with a weaker adhesion to the substrate compared to electroless plating [6]. Further comparison 

of electroless, electrodeposition and immersion plating is presented in Table 1. 

Table 1. Comparison of electroless plating, electrodeposition and immersion plating. 

The compared 
characteristics 

Electroless plating Electrodeposition Immersion plating 

Typically obtained 
thickness of the 
deposited layer 

Below 50 µm [20] 
(below 5 µm for 
electroless Cu) 

Up to 1 mm Below 1 µm [6] 

Driving force 

Chemical/ 
electrochemical 

reaction of metal ion 
with reducing agent 

Electric current 
Displacement 

reaction 

Type of substrates 
Conductive and 
nonconductive 

Conductive 

Metallic substrate 
with a less noble 
metal than the 
desired metal 

coating 

The uniformity of 
the coating 

Uniform Not uniform Uniform 
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1.1.2 Bath composition 

Electroless deposition is used to obtain films of Ni, Cu, Co, Ag, Pd, and Pt [2], as well as their 

alloys. The most studied and commonly-used deposition systems are electroless Cu, Ni-P and Ni-

B deposition. The main components of the electroless plating bath are: 

1) Source of metal ion. Salts of the required metal are used: acetate, chloride and sulfate. 

2) Reducing agent. This reduces the metal ion. The choice of reducing agent depends on the 

required rate of deposition, ability to reduce metal on the catalytic surface and desire to obtain 

the alloy material. For example, in order to obtain a Ni-B layer, sodium borohydrate is used, 

while for a Ni-P layer sodium hypophosphite is required. 

3) Complexing agent. This prevents metal precipitation which allows operation at a higher pH, 

at which some electroless plated metals are deposited (e.g. electroless copper). It helps to avoid 

bath decomposition if dust is present and slows the rate of reaction to make it more practical 

[21] 

4) An adjuster of pH. During the electroless plating reaction H+ and OH- ions are either formed 

or consumed so the pH of the solution changes during the reaction. The electroless deposition 

process occurs without external electric power, so the pH should be adjusted to make the 

reaction thermodynamically favourable.  

5) Source of energy. In order to make the reaction possible, energy should be passed to the 

reagents. For electroless plating, heat is the source of energy. With an increase of the 

temperature the reaction rate increases.  

1.1.3 Electroless Cu plating 

Most of the electroless Cu plating baths which are used commercially and were investigated by 

research use formaldehyde as a reducing agent and ethylenediaminetetraacetic acid (EDTA) as 

a complexing agent. Alternatives have included dimethylamine borane, hypophosphite and 

glycolic acid as reducing agents and malic acid, succinic acid, tartrate, citrate, triethanolamine 

and ethylenediamine as complexing agents [22]. Baths which contain formaldehyde and EDTA 

operate at a basic pH and elevated temperature. The overall electroless Cu plating reaction is 

[23]: 

𝐶𝑢(𝐸𝐷𝑇𝐴)2− + 2𝐻𝐶𝐻𝑂 + 4𝑂𝐻− → 𝐶𝑢0 + 𝐻2 + 2𝐻2𝑂 + 2𝐻𝐶𝑂𝑂− + 𝐸𝐷𝑇𝐴4− (1) 

Often the electroless plating process is described in terms of the mixed potential theory [6,24–

26]. According to this theory, two simultaneous independent processes occur on the catalyst 
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surface – cathodic and anodic reactions. In the case of electroless plating, the cathodic reaction 

is a metal (Cu) reduction [26]: 

𝐶𝑢(𝐸𝐷𝑇𝐴)2− + 2𝑒− → 𝐶𝑢0 + 𝐸𝐷𝑇𝐴4− (2) 

The anodic reaction is reducing agent (formaldehyde) oxidation [26]: 

2𝐻𝐶𝐻𝑂 + 4𝑂𝐻− → 2𝐻𝐶𝑂𝑂− + 𝐻2 + 2𝐻2𝑂 + 2𝑒− (3) 

The potential at which anodic (IR) and cathodic (IM) currents are equal is an equilibrium potential. 

The equilibrium potential (EMP) or mixed potential is between cathodic (Em
0) and anodic (ER

0) 

equilibrium potentials (Figure 4, A). Often mixed potentials are described by Evan’s diagrams, 

where they lie on the intersection of the cathodic and anodic process branches (Figure 4, B). 

 

 

 

 

 

 

 

Figure 4. A - Current-potential curves of the cathodic and anodic reactions of the electroless Cu plating 
process, b – Evan’s diagram of the electroless Cu plating process [6]. 
 

The original mixed potential theory claims that the anodic and cathodic reactions are 

independent, however, further works [6,24,27,28] showed that both reactions are 

interconnected in the electroless Cu plating process. 

The anodic reaction (formaldehyde oxidation) provides electrons for the cathodic reaction (Cu 

reduction), so the kinetics of the process of electroless plating are controlled by the kinetics of 

formaldehyde oxidation [6], while the cathodic reaction activates formaldehyde reduction in the 

steady state [27,29]. The approach of viewing electroless plating as consisting of two 

independent reactions is still used, for example in investigations of catalytic activity of the metals 

for formaldehyde oxidation, where only the anodic reaction is studied.  
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1.1.4 Cathodic reaction mechanism – Cu reduction 

Although the mechanism of the reaction of Cu reduction is commonly agreed upon, some 

aspects of this mechanism are still unclear. The main question is from which form Cu ions are 

reduced: complexed (CuEDTA) or ionic (Cu2+). Some work suggests Cu reduction from the 

complexed form [22]: 

𝐶𝑢(𝐸𝐷𝑇𝐴)2− → 𝐶𝑢(𝐸𝐷𝑇𝐴)𝑎𝑑𝑠
2−  (4) 

𝐶𝑢(𝐸𝐷𝑇𝐴)𝑎𝑑𝑠
2−  +  𝑒− → 𝐶𝑢(𝐸𝐷𝑇𝐴)𝑎𝑑𝑠

3−  (5) 

𝐶𝑢(𝐸𝐷𝑇𝐴)𝑎𝑑𝑠
3−  +  𝑒− → 𝐶𝑢(𝐸𝐷𝑇𝐴)𝑎𝑑𝑠

4−  (6) 

𝐶𝑢(𝐸𝐷𝑇𝐴)𝑎𝑑𝑠
4−  → 𝐶𝑢0 + 𝐸𝐷𝑇𝐴4− (7) 

Bindra suggests that Cu(EDTA) dissociates prior to reduction, though it is unclear whether it 

dissociates into a bulk solution first and then adsorbs onto the catalyst surface or a process of 

dissociation occurs after adsorption [24].   

Paunovic [30] suggests that Cu exists in the solution in both complexed and non-complexed 

forms. Therefore the reaction of Cu reduction from its ions is: 

𝐶𝑢2+ + 𝑒− → 𝐶𝑢+ (8) 

𝐶𝑢+ + 𝑒− → 𝐶𝑢0 (9) 

If the Cu is complexed, it dissociates prior to reduction: 

𝐶𝑢(𝐸𝐷𝑇𝐴)2− + 2𝑒− → 𝐶𝑢2+ + 𝐸𝐷𝑇𝐴4− (10) 

𝐶𝑢2+ + 2𝑒− → 𝐶𝑢0 (11) 

Bath decomposition (uncontrollable Cu reduction) is usually associated with the presence of Cu2+ 

ions [6,31], meaning their concentration in solution should be controlled. 

According to Shacham-Diamand [22], decomposition happens by the following mechanism: 

2𝐶𝑢2+ + 𝐻𝐶𝐻𝑂 + 5𝑂𝐻− → 𝐶𝑢2𝑂 + 3𝐻2𝑂 + 𝐻𝐶𝑂𝑂− (12) 

The initiation of this reaction does not require the catalyst and therefore the reaction can 

happen spontaneously and the Cu2O will be formed in the bulk solution. 
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1.1.5 Anodic reaction mechanism – formaldehyde oxidation 

The formaldehyde oxidation reaction is the rate determining step of the electroless plating 

process [32]. The reaction of formaldehyde oxidation is activation controlled [32,33] and 

depends on the nature of the catalyst metal. Firstly, hydrogen evolution only happens on the 

surface of certain metals like Cu, Ag and Au, but there is no gas formed when the reaction 

happens on the Pt or Pd surface due to the hydrogen adsorption onto their surfaces [32]. This 

indicates that the reaction proceeds differently. Also, the shape of the polarization curves of 

formaldehyde oxidation are dependent on the nature of the catalyst metal [29]. Both factors 

indicate that different mechanisms of formaldehyde oxidation are possible. 

It is in agreement that the following reactions of formaldehyde oxidation occur on Cu, Ag and 

Au surfaces [21]: 

2𝐻𝐶𝐻𝑂 + 4𝑂𝐻− → 2𝐻𝐶𝑂𝑂− + 𝐻2 + 2𝐻2𝑂 + 2𝑒− (13) 

And on Pt and Pd surfaces [26]:  

𝐻𝐶𝐻𝑂 + 3𝑂𝐻− → 𝐻𝐶𝑂𝑂− +  2𝐻2𝑂 + 2𝑒− (14) 

Potential catalyst metals for formaldehyde oxidation such as Ni, Re and Cd are oxidised at the 

high pH values that electroless Cu baths operate and cannot be used as catalysts for the reaction 

[29].  

It was proposed that oxidation of formaldehyde can occur by both mechanisms simultaneously, 

but on different metals in which case one mechanism will be preferential to the other [26].  

The hydrogen atoms released during the reaction can recombine or be oxidised [26]: 

𝐻𝑎𝑑
∙ + 𝑂𝐻− → 𝐻2𝑂 + 𝑒−  (15) 

𝐻𝑎𝑑
∙ + 𝐻𝑎𝑑

∙ → 𝐻2 ↑  (16) 

1.1.6 Kinetics 

The kinetics of electroless plating are often described by the following equation [6,23]: 

𝑟 = 𝑘[𝐶𝑢2+]𝑎[𝑂𝐻−]𝑏[𝐻𝐶𝐻𝑂]𝑐[𝐸𝐷𝑇𝐴]𝑑 (17) 

Where r –the rate of Cu deposition, k – experimentally determined rate constant, a – d – the 

reaction orders of the respective reagents. 
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There are no consistent data on the rate of the reaction, as the experiments were performed in 

different conditions and different rates of reactions were observed [6].  

Another description of the reaction kinetics involves an Arrhenius type equation, which claims 

that the rate of deposition depends only on the concentration of methylene glycol anions and 

none of the other reagents[34]  

𝑟 = 𝐴𝑒𝑥𝑝 (−
∆𝐸

𝑅𝑇
) [𝐶𝐻2(𝑂𝐻)2] 

(18) 

Also, many research groups observed an induction time [30,31,35,36] prior to the beginning of 

the actual deposition. Dumesic et al explained this as the reduction of the oxide formed on the 

catalyst surface prior to use [31], Kuznetsov et al associate it with formaldehyde adsorption onto 

the catalyst surface [35]. Another possible reason is that the system needs to reach the mixed 

potential before plating can start which depends on bath pH and ligand nature [30]. 

The plating rate is faster at the start of the deposition process when the deposition is catalysed 

by catalyst and at the later stage when the catalyst is completely covered by deposited Cu which 

starts to autocatalyse subsequent deposition. This happens due to different mechanisms of 

formaldehyde oxidation taking place on different metals as discussed earlier [31].  

The overall kinetics of electroless copper plating are affected by the following factors: 

• The nature of the catalyst – it influences formaldehyde oxidation; 

• Time – the rate of the reaction is not uniform and slows down with time first due to the 

change in the autocatalytic reaction and then due to the decrease in the concentration 

of reactants; 

• Mass transport – this effect is only significant when the deposition rates are high, the 

stirring is low and the concentration of Cu ions is low [31], because only the reaction of 

Cu reduction is limited by diffusion [31–33]. Mass transport does not affect 

formaldehyde oxidation or hydroxide ion supply due to the excess formaldehyde and 

mobility of hydroxide ions [31].  

• Composition of the bath and deposition conditions; the pH (Figure 5, A), temperature 

(Figure 5, B), choice of reducing agent, metal and ligand all affect the thermodynamic 

conditions of the system and therefore the kinetics of the reaction. The pH and 

temperature are usually optimised depending on the bath composition. Examples of 

optimisation are presented in Figure 5. 
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Figure 5. Examples of dependence of the rate of electroless copper deposition on A – pH of the solution 
[21], B - temperature of the solution [23]. 
 

1.1.7 Thermodynamics 

The chemical reaction is spontaneous when the Gibbs energy is negative [37]. 

∆𝐺𝑜 < 0, (19) 

∆𝐺𝑜 = −𝑧𝐹𝐸𝑜 (20) 

𝐸0 = 𝐸𝑐 − 𝐸𝑎 (21) 

where ∆Go – Gibbs energy, z – number of electrons, F – Faraday constant, Eo
 – standard cell 

potential, Ec  - standard potential of cathodic reaction, Ea – standard potential of anodic reaction. 

Table 2. Standard potentials of formaldehyde oxidation and Cu reduction reactions [22]. 

Reaction Eo
 vs SHE (V) 

2𝐻𝐶𝐻𝑂 + 4𝑂𝐻− → 2𝐻𝐶𝑂𝑂− + 𝐻2 + 2𝐻2𝑂 + 2𝑒− 0.32 (pH 12) 

𝐶𝑢(𝐸𝐷𝑇𝐴)2− + 2𝑒− → 𝐶𝑢0 + 𝐸𝐷𝑇𝐴4− -0.216 

 

The reaction of Cu reduction is spontaneous [37]. However, this also means that Cu reduction 

can occur in the bulk solution. Therefore, complexing agents (e.g. EDTA) are used in order to 

decrease the Cu reduction potential and increase the Gibbs energy (Table 2), preventing 

spontaneous Cu deposition. 

The potential of the reaction depends on the pH of the solution. This interaction is usually 

described by Pourbaix diagrams. For reactions of Cu reduction and formaldehyde oxidation the 

potentials are lower at basic pH (Figure 6) so the thermodynamic driving forces are higher.  
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Figure 6. Combined Pourbaix diagram of carbon-water and copper-water systems [6]. 
 

The process of reductant oxidation is accompanied by the consumption of OH- which changes 

the pH of the solution.  

In order to control the deposition, stabilizers and complexing agents are used. In addition, the 

concentration of the reducing agent and the temperature should be controlled in order to avoid 

spontaneous reactions. 

1.1.8 Catalysts for formaldehyde oxidation 

The catalyst for the electroless plating process influences the rate determining step – 

formaldehyde oxidation. The catalyst influences the mechanism of the reaction, its kinetics as 

well as the hydrogen evolution process. The most investigated metals to catalyse formaldehyde 

oxidation are from groups 10 (Ni, Pd, Pt) and 11 (Cu, Ag, Au) of the periodic table [29,32,38–40]. 

Their alloys and composite nanoparticles can also be used [6]. In order to compare catalyst 

performance the following approaches were used. 

1) Observed copper deposit 

The simplest approach is to perform electroless Cu plating using the investigated catalyst. The 

performance of the catalyst is then judged by the presence of the deposited Cu film. The more 

quantitative version of the method is to measure the quantity of the deposited Cu (Figure 7). 

This can be done by measuring the weight of the substrate before and after deposition [41], or 

by measuring the amount of deposited Cu by atomic adsorption spectrometry [42,43], 

inductively coupled plasma analyses [44] or quartz crystal microbalance [45,46]. The higher the 

weight gained per cm2 the higher the activity of the catalyst. The rate of deposition can then be 

calculated from the data. 
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Figure 7. The quantity of deposited copper obtained by using novel catalysts A – Ag, Pd and its mix [43], 
B – Ag [41], C - Ag, Pd and its mix [45]. 

 

2) Electrochemical characterisation of the formaldehyde oxidation process 

The performance of the catalyst can also be characterised by a range of electrochemical 

techniques. The most often used techniques are linear sweep voltammetry (Figure 8, A, B) 

[26,29,47] and cyclic voltammetry (CV) [26,32,40,48] (Figure 8, C, D). Both techniques are 

performed using a three-electrode system which includes a counter electrode (usually Pt), 

working electrode (the investigated electrode) and reference electrode. The measurements are 

usually conducted in a formaldehyde solution at basic pH to mimic the conditions of the 

electroless plating bath in the absence of the Cu either in stabilized or ionic form. Sometimes 

additives are also added. A potential is applied in a certain range and the current density is 

measured. In the case of CV, after reaching the end of the set potential, the recording continues 

in the reverse direction.  

If the metal is active toward formaldehyde oxidation the current will increase at the anodic part 

of the measurement. At Figure 8, C the background current is also shown – the measurement 

was performed in a sodium hydroxide solution without formaldehyde, which means that the 

current rise was associated with formaldehyde oxidation only. 

A higher current density does not necessarily indicate higher catalytic activity. Therefore further 

analysis of obtained data is required. Ohno [29] plotted the potentials for each metal at constant 

current density and claimed that the metals with the lowest potentials are better catalysts than 

those with higher potentials (Figure 9, A). He also plotted activation energy against the obtained 

potentials though for formaldehyde oxidation no linear correlation between the two values was 

found (Figure 9, C). 
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Figure 8. The results of linear sweep voltammetry (A, B) and CV (C, D) experiments on formaldehyde 
oxidation which were performed in the solutions: A – 0.1 M formaldehyde, 0.175 M Na2EDTA, pH 12.5, 25 
oC  [29], B – 0.1 M formaldehyde, 0.15M NaOH, 25 oC  [26], C – 0.1 M formaldehyde, 1 M NaOH, 25 oC  
[32], D – 0.3 M formaldehyde, pH 13 [40]. 
 

First Capon and Parson [38] and later Bindra [32] plotted the relative catalytic activity (the ratio 

of height of cathodic peak to the average current of the anodic part of the measurement) against 

the metal formate heat formation (Figure 9, B). The catalysts at the “top” of the volcano are 

theorised to have the best performance, though it is a more qualitative than quantitative 

method. In addition, Cu, which is positioned at the “bottom” of the volcano plot is active toward 

formaldehyde oxidation as the process becomes autocatalytic after initiation. 

Other methods which were used to evaluate catalytic activities were Tafel plots [46,49]– similar 

to the CV and linear sweep voltammetry the current density was compared to evaluated activity. 

Some measured the change of the current [50] and the change of potential [30,35] in the studied 

solution over time. Through change of potential the period before plating started can be 

accounted for, which indicated the time required for each catalyst to start the catalysation 

process. However, the measurement should start straight after the electrode has contact with 

the solution, because the surface changes start immediately and affect the measured potential. 
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The measurements of current were compared on the assumption that higher current density 

means more efficient catalytic activity. 

 

 

 

 

 

Figure 9. The methods of the catalytic activity investigations A, C from the work [29], B from [32]. A – The 
comparison of potential of investigated catalysts at the constant current density value for the various 
reducing agents, B – the comparison of the oxidation current vs enthalpy of formates of catalyst metals; 
C – comparison of activation energies vs potentials at the constant current value for the various reducing 
agents. 

 

Therefore, a range of electrochemical measurements can be used to evaluate the catalytic 

activity of the materials, however there is no accepted interpretation that can quantitatively 

indicate whether one metal is more catalytic than another. The data can be interpreted by 

several approaches and should be viewed in conjunction with the results of actual Cu plating: 

using the measured amount of deposit and the presence of deposited copper. 

1.1.9 Catalyst formulation 

The most commonly used catalyst is Pd/Sn [6,51,52]. Typically the catalyst consists of Pd 

nanoparticle coordinated by Sn ions. Sn ions stabilize the colloid or solution by electrostatic 

interactions. When the substrate is immersed in the Pd/Sn dispersion the catalyst deposits 

uniformly on the substrate surface. 

Regardless of the effectiveness of the Pd/Sn formulation, alternative catalysts are still being 

investigated. Pd/Sn sometimes does not have high stability and can decompose [14,53]. Also for 

ink-jet printing, more viscous formulations of catalyst are required. Therefore a range of 

research has focussed on developing more stable Pd catalysts [14,53,54]. They mainly focus on 

alternative ways of Pd stabilization. 

The main disadvantage of the Pd/Sn catalyst is its price, which is a result of the use of expensive 

Pd. Composite nanoparticles which contain Pd and a cheaper catalyst metal (Cu or Ag) are also 

being investigated [42,43,47,55–57]. The performance of this type of catalyst is comparable with 
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Pd and sometimes even slightly higher [43]. Pd-free catalysts are also of great interest to many 

research groups at present [41,58–62].  

Other methods use deliberately synthesised nanoparticles as a catalyst. The advantage of this 

method is that the shape and size of nanoparticles can be controlled which potentially can be 

tuned to achieve the best performing catalytic activity [46,63]. However, controllable synthesis 

of nanoparticles also requires use of some stabilizers which can potentially affect the activity of 

the nanoparticles towards formaldehyde oxidation. 

In order to avoid particle agglomeration during drying the nanoparticles are usually used in the 

same solutions as synthesised [53,61,62,64], which means that the products of reaction are also 

present during catalyst deposition and can remain on the substrate surface. 

The reported quantities of deposited electroless copper are presented in Table 3. They ranged 

from 0.3 to 0.84 mg/cm2
 for the standard Pd/Sn catalyst and from 0.25 to 0.8 mg/cm2 for newly-

developed Ag catalyst. The range is very broad and there is overlap for both catalysts. Therefore, 

the comparison of the performance of catalysts is not possible between different published 

works. 

Table 3. The quantities of deposited Cu after 10 min of electroless Cu plating by using different catalysts. 

 

 

 

 

 

 

 

 

 
 

 

Type of catalyst 
Quantity of 

deposited Cu, 
mg/cm2 

References 

Ag 0.25 [43] 

Ag 0.8 [62] 

Ag 0.35 [61] 

Ag 0.37 [41] 

Pd 0.55 [43] 

Pd/Sn 0.45 [45] 

Pd 0.5 [45] 

Pd/Sn 0.84 [62] 

Pd/Sn 0.37 [41] 

Pd/Sn 0.3 [25] 
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CV measurements of Ag nanoparticles in formaldehyde solution were performed in several 

works (Table 4, Figure 10). Nanoparticles were loaded by drop-coating or dip-coating onto the 

working electrode. The measured oxidation peak was obtained at a range of potentials, which if 

measured vs Ag/AgCl electrode is around 0. The recorded current densities are different from 

work to work and depend on the electrode preparation and measurement conditions. 

Table 4. The comparison of the conditions of CV or linear sweep voltammetry experiments for 
investigation of Ag nanoparticles catalytic activities towards formaldehyde oxidation. 

Number 
Method of 

nanoparticles 
deposition 

Concentration 
HCHO, M 

Concentration 
NaOH or KOH, 

M 

Scan rate, 
mV/sec 

Reference 
electrode 

Ref. 

1 Dip-coating 0.1 0.1 1 Ag/AgCl [45] 

2 Dip-coating 0.1 0.1 10 Ag/AgCl [64] 

3 Dip-coating 0.1 0.1 10 Ag/AgCl [61] 

4 
Drop-coating 
with Nafion 

1.0 1.0 100 SCE [65] 

 
 
 

 

 

 

 

 

 

 

 

 

 

Figure 10. The CV and linear sweep voltammetry measurement of Ag nanoparticle activity towards 
formaldehyde oxidation at the conditions described in Table 3. A – 1, B – 2, C – 3, D – 4. 
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1.1.10 Selective surface catalysation  

The works reviewed in sections 1.1.8 – 1.1.9 were performed using blanket catalyst deposition 

where catalyst is distributed evenly across the substrate surface, which results in complete 

copper coverage of the substrate surface. The catalyst deposits from the solution through 

particle adsorption onto the substrate surface or particle formation on the surface and both 

depend on the catalyst solution formulation and the functionalisation of the substrate surface.  

Selective electroless metal deposition can often be achieved by selective catalyst deposition or 

selective surface activation as was mentioned in Introduction. The reproduction of the required 

pattern is the main requirement. 

When the catalyst solution deposits selectively e.g. by contact or ink-jet printing, often a “coffee-

ring” effect can be observed where more catalyst is present at the edges of the pattern which 

results in uneven copper plating across the patterned area (Figure 11). This occurs due to the 

difference in evaporation rate of the solvent at the edges of the pattern and at the centre or due 

to capillary forces.  

 

Figure 11. The images of selective plating where the coffee-ring effect was observed. The metallisation 
was done by A – microcontact printing [18], B – ink-jet printing [14]. 
 

Often the different methods of selective surface initiation allow control over catalyst density per 

substrate surface area. This process requires optimisation otherwise non-continuous plating will 

be obtained. For example, in laser-assisted surface activation the laser-activated areas were 

located too far from each other which meant subsequent electroless plating did not result in a 

continuous line (Figure 12, A). A similar effect was observed when the surface was initiated by 

aerosol activation – the resultant copper plating was not continuous across the activated area 



 
20 

 

(Figure 12, B). In ink-jet printing when the spacing between droplets was too large the pattern 

of lines were not reproduced correctly (Figure 12, C).  

 

Figure 12. The SEM (A, B) and optical microscope images (C) of the selective electroless plated layers 
showing non-continuous or deformed patterns obtained by the methods: A – laser-assisted metallisation 
[66], B – aerosol catalyst deposition [67], C – ink-jet printing. 

 

When a novel method of selective metallisation is developed it requires some modifications in 

the catalyst solution or dispersion. Often nanoparticles are synthesised in order to use as a 

surface activator. If the catalyst particles do not have narrow size distribution, the subsequent 

electroless plating will grow unequally across the initiated area depending on the size of the 

catalyst particles, which results in higher roughness of the deposited layer (Figure 13, A-C). This 

also affects the reproduction of the pattern when patterns with fine features are required 

(Figure 13, D).  
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Figure 13. The SEM and optical microscopy images of the electroless Ni (A-C) [67] and Cu (D) [68] 
deposited by using nanoparticles. A, C – the nanoparticles had broad size distribution and deposited A – 
blanket, C – selectively; B – the nanoparticles had narrow size distribution; D – selective copper deposition 
with particles with broad size distribution. 
 

Therefore, the following requirement for the selective catalyst deposition can be concluded: 

1) The catalyst should be distributed evenly across the portion of the surface required for 

metallisation; 

2) The density of the catalyst distribution across the substrate surface should be optimised so 

that the electroless plated metal forms a continuous layer where required; 

3) If nanoparticles are used as a catalyst, the size distribution of the particles should be as narrow 

as possible. 
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1.1.11 Conclusion 

The electroless copper plating process was reviewed. The electroless bath should contain a 

metal salt, complexing and reducing agents, as well as pH adjusters and other additives. The 

deposition process is influenced by the electrolyte composition, pH and temperature of 

deposition.  

In the electroless solution the metal ions are coordinated by the complexing agent, which 

prevents the metal from being reduced spontaneously. The reducing agent is oxidised on the 

substrate surface and donates electrons to the complexed metal ion, then the metal reduces 

and deposits on the substrate surface. The process can be viewed as two independent reactions 

of formaldehyde oxidation and metal reduction, though in reality the reactions are 

interdependent.  

The rate determining reaction is formaldehyde oxidation. The rate of the reaction changes 

during the electroless plating process and slows down when the reaction becomes autocatalytic. 

Mass transport does not significantly influence the rate of the electroless copper plating process. 

The mechanism of reaction depends on the nature of the catalyst which catalyses the oxidation 

process. 

The catalyst should be deposited prior to electroless plating if metallisation of non-conductive 

material is required. Usually, a Pd/Sn catalyst is used however it can be replaced with a number 

of catalysts of different formulations. As alternative catalysts, metals from groups 10 and 11 of 

the periodic table can be used. Ag is a promising catalyst which is cheap and well-studied. It is 

often used in nanoparticle form.  

The catalytic activity of the catalyst can be characterised by the actual Cu deposition process or 

electrochemical techniques like CV, linear sweep voltammetry and Tafel plots. However, the 

data obtained from electrochemical techniques requires further interpretation.  

Often, in order to achieve selective metallisation the catalyst is deposited selectively on the 

substrate. In that case more parameters of the deposited catalyst should be considered 

including: equal distribution of catalyst across the surface, “dense” distribution of the catalyst 

and uniformity of the catalyst nanoparticle size. 
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Part 2. Magnetic field 
1.2.1 Overview of magnetic field properties 

When moving in an external magnetic field �⃗� , each individual charge experiences a force acting 

on it which can be described by the following equation (Lorentz force): 

𝐹 = 𝑞(�⃗� + 𝑣  x �⃗� ) (22) 

where q – the charge of the particles, E – the electric field, B – magnetic field, v – velocity of the 

particle. B also called a magnetic flux density or magnetic induction. 

As can be derived from the Lorentz equation, the magnetic field is acting on a moving charge q 

(if v=0 then Lorentz force is purely electric F=qE and there is no contribution of the magnetic 

field) by producing a [Lorentz] force F, which is perpendicular to both the direction of particle 

movement (𝑣 ) and the external magnetic field �⃗� . The electric and magnetic fields are vector 

fields which are changing with space and time. 

In materials, the magnetic moment arises from the movement of electrons. The electrons 

moving in their orbitals is what produces the local magnetic field. The spin of the electron 

contributes to the magnetic moment as well. 

Magnetic moment describes the torque which is exerted on an object from a magnetic field. The 

alignment of the magnetic moment under an external field defines the properties of the 

material: if all local magnetic moments are aligned in an opposite direction to the direction of 

the external field the material is diamagnetic. This type of material will be slightly repelled by a 

magnet. The higher the strength of the magnetic field applied the higher the repulsion will be. 

In paramagnetic material the magnetic moments are aligned in the direction of the magnetic 

field and are proportional to the applied magnetic field. Paramagnetic materials are weakly 

attracted by magnets. These types of materials follows Curie’s law: 

𝑀 = 𝐶
𝐵

𝑇
, (23) 

where M – magnetisation of the material, C – Curie’s constant, B – magnetic field and T – the 

temperature. 

Typical magnetisation curves for paramagnetic and diamagnetic materials are presented in 

Figure 14. 
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Figure 14. Typical plot of magnetisation of material vs applied magnetic field strength, A – for 
paramagnetic material, B – for diamagnetic material [69]. 
 

Ferromagnetic materials have a strong attraction to a magnetic field. This is due to the long-

range ordering – where unpaired electron spins are aligned in the same direction. These regions 

with aligned electrons are called domains. Without an external magnetic field, domains can be 

aligned in different directions but when the magnetic field is applied the domains align with the 

magnetic field until all non-aligned domains disappear and a saturation point is reached. After 

that point if the magnetic field increases the magnetisation does not change. This is shown on 

the B-H diagram as the magnetisation saturation point (Ms) (Figure 15). After the magnetic field 

is removed, the material still possesses a certain degree of magnetisation. The magnetic field 

required to demagnetize the material is called coercivity which is characterised by the presence 

of the hysteresis loop (Hc). The amount of magnetisation retained after removing the magnetic 

field is called its remanence (Mr). 

 

 
 
 
 
 
 
 
 
Figure 15. Typical plot of magnetisation of material vs applied magnetic field strength for ferromagnetic 
material [70]. 
 

Magnetisation of the material is the density of the magnetic dipole moment in it: 

𝑀 =
𝜇

𝑉
 (24) 

where 𝜇 is magnetic dipole moment and 𝑉 is the volume.  
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When the magnetic material consists of several types of atoms some of which are not 

ferromagnetic, more complex interactions with the magnetic field arise. When the magnetic 

field is applied, the magnetic moments align antiparallel. If the magnetic moments for both types 

of alignment are equal then they mutually cancel. This type of material is called 

antiferromagnetic. If the predominant alignment is parallel to the magnetic field then the 

material is ferrimagnetic. The magnetisation of these types of material is lower than in 

ferromagnetic materials, however the behaviour is often similar to ferromagnetic material [71]. 

The ability of the material to be magnetised in the magnetic field is characterised by its magnetic 

susceptibility: 

χ = M/H (25) 

where χ is susceptibility, M is variation of magnetization, and H is applied field. 

Higher values of susceptibility mean higher magnetisation of the material. Some values of 

magnetic susceptibilities are presented in Table 5. 

Table 5. The values of magnetic susceptibility of some materials. 

Name Formula 
Magnetic susceptibility, 

cm3/mol 

Copper Cu -5.46 

Silver Ag -19.5 

Palladium Pd +540 

Iron sulfate FeSO4 +12400 

Iron Fe Ferromagnetic 

 

The units of measurement of magnetic values are presented in Table 6. 

Table 6. The conversion of main magnetic units between SI and Cgs. 

Quantity Symbol SI unit Cgs unit 

Magnetic induction B 10-4 Tesla [T] 1 Gauss [G] 

Magnetic field 
strength 

H 103/4π A/m 1 Oersted [Oe] 

Magnetic moment µ 10-3 J/T or A m2 1 emu 

Magnetisation M 103 J/T m3 or A/m 1 Oe or emu/cm3 
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1.2.2 Magnetic properties of nanoparticles, measurement 

The properties of ferromagnetic materials are different between the bulk and the nanoparticle 

forms. The main distinction of nanoparticles from the bulk material is the higher surface area of 

the former. The smaller the size of the particles the greater the percentage of the atoms are on 

the surface rather than in the bulk. For ferromagnetic materials the atoms located on the surface 

are less coordinated which increases their magnetic moment. However, the surface is more 

subjected to impurities and crystallinity imperfections. The surface state of the particles 

influence their magnetic properties. Often on the surface layer a dead magnetic layer is present 

which does not contribute to the magnetisation of the particles. 

For Fe3O4 the magnetisation value of the bulk material is 93 emu/g [72]. For the nanoparticles, 

a range of values have been reported (Figure 16). The crystallinity [73], concentration of Iron 

[74] and the monodispersity [74] can all affect the measured values.  

 

Figure 16. The magnetic saturation values for the Fe3O4 nanoparticles of different sizes from works A -  
[75], B - [72], C - [76]. 
 

The size of nanoparticles influences significantly the magnetisation saturation, with most 

literature reporting a decrease in magnetisation saturation with decreasing nanoparticle size. 

The coercivity of the particles also decreases with decreasing size. At a certain critical diameter, 

a particle becomes a single domain and with further reduction of the particles’ size they act as 

a large single paramagnetic atom which can be quickly magnetised but cannot retain 

magnetisation. This means that the particles become superparamagnetic.  
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1.2.3 Influence of the magnetic field on electroless plating and electrodeposition processes 

1.2.3.1 Electromagnetic interactions 

The magnetic moments of electrons align in the magnetic field. Therefore processes which 

involve electric charge transfer can be altered by the magnetic field. These include 

electrochemical processes like corrosion, displacement reactions, electroless plating and 

electrodeposition. The magnetic field interacts with the electric current and intensifies 

convection. It can be described by  the Lorentz force [77]: 

𝐹𝐿
̅̅ ̅ =  𝑗̅  × �̅�  (26) 

where j – electric current density and B - magnetic induction.  

Due to the vector nature of the constituents the value of Lorentz force depends on the mutual 

orientation of current and magnetic field. If the magnetic field and current density are parallel 

the Lorentz force is zero, while a perpendicular position gives a maximum effect on convection 

[78]. For this reason, the influence of the magnetic field applied perpendicular to the electric 

current flow will increase convection in the electrochemical cell. Due to unequal current 

distribution near the electrode surface micro flows arise, which is known as the 

magnetohydrodynamic (MHD) effect [78]. 

In the electrodeposition process, mass transport in the solution near the substrate surface 

improved when the magnetic field was applied [77] which leads to decreased thickness of 

diffusion layer and facilitates more equal chemical distribution. Enhanced convection affects 

morphology of the deposited layer [79]. The magnetic field increases the amount of nucleation 

seeds formed as well as the thickness of the layer [80].  

In electroless plating the MHD effect increases the rate of the deposition (Figure 17, A), which 

affects the deposit morphology [81,82]. The deposited layer can become more rough (Figure 17, 

D) due to the increase in mass-transport and more dense (Figure 17, B, C) due to the quicker 

removal of the hydrogen from the surface which causes formation of air holes in the deposit. 

Magnetic fields applied parallel to an electrode could decrease grain size of the deposited 

material [82] and lead to changes in layer density. The layer density can be varied by addition of 

the complexing agent, causing it to either decrease or increase [82]. Kinetics are also affected 

by the magnetic field. It was found that the induction period of electroless Ni plating was 

affected by introduction of the external magnetic field (Table 7) [83]. 
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Table 7. Effect of magnetic field on induction period of electroless Ni plating [83]. 

Temperature, 

oC 

Concentration 

of Ni, M 

Induction period, min 

0 T 0.15 T 0.2 T 

57 0.076 0.00 0.05 0.00 

48 0.076 0.12 0.19 0.20 

39 0.076 1.20 0.99 0.98 

31 0.076 2.18 2.02 2.21 

31 0.038 1.23 1.28 1.54 

31 0.114 2.83 2.07 2.81 

31 0.152 3.84 3.28 3.76 

 

 

Figure 17. The effect of the magnetic field on the electroless deposition process. A – the thickness of 
deposited layer of Co-W-P [82], B – the density of deposited layer of Ni-P [81], C – the density of deposited 
layer Co-W-P [82], D – morphology of the deposited layer of Ni-P [81]. 
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Some authors attribute all the changes mentioned above to the change in nucleation and early 

growth stages of the deposited layer under the applied magnetic field [82]. They also suggest 

that if higher magnitude magnetic fields generate a gradient magnetic field then new forces are 

involved in solution convection, which are known as micro-MHD.  

Reported experiments on the effect of the magnetic field on electroless plating were performed 

using electrolyte-containing ferromagnetic species such as Co and Ni. However, little research 

has been done on electroless plating of non-magnetic species. The confusion can be caused by 

misuse of the term “electroless” [84] when in reality the process was a displacement reaction 

(immersion plating) [85] or electroplating [86]. 

1.2.3.2 Electrophoretic interaction 

 

Magnetic fields also interact with paramagnetic species in solution [87]. Magnetisation of 

material is proportional to the strength of the applied magnetic field and the magnetic 

susceptibility of material [88]. 

𝑀 = 𝑥𝐻 (27) 

where M - magnetization of material, H - strength of magnetic field, χ - volume magnetic 

susceptibility.  

The response of the material to the magnetic field depends on the magnetic susceptibility of the 

material. Paramagnetic material has positive magnetic susceptibility and is attracted by a 

magnetic field. Diamagnetic materials have negative susceptibility and are weakly repelled by a 

magnetic field. The cause of paramagnetic particle attraction is unpaired electrons in the d- or 

f-orbitals, which align in a magnetic field. The rare earth elements (from Ce to Yb), Fe, Pt and Pd 

groups and actinides are paramagnetic. Rare-earth metals have higher magnetic susceptibility 

due to unpaired f –orbital electrons (maximum 14 electrons). Other elements have unpaired d-

orbital electrons (maximum 10 electrons) which decreases the magnetic interaction force [70]. 

Magnetic fields influence a moving charge by following equation [70]. 

𝐹 = 𝑞𝑣  x �⃗�  (28) 

where is q – particle charge, v – particle velocity and B – magnetic field strength. 
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Figure 18. Circular and spiral motion of a particle in a magnetic field.  

 

If the charged particle moves perpendicular to the magnetic field the particle will not be 

accelerated or decelerated by the field but will start to move in a circular motion (Figure 18) 

with radius 𝑅 =
𝑚 𝑣⊥

|𝑞|𝐵
 (gyroradius or Larmor radius [89]).  It will improve mass transport in 

solution but not cause the particles to be attracted. The attraction is possible when particles 

move parallel to the magnetic field. 

No significant effect was found on the distribution of paramagnetic species under the 

application of a uniform magnetic field [87]. However, some researchers suggest that magnetic 

ions respond to a gradient magnetic field in solution not independently but as a group [79,90]. 

In a non-uniform magnetic field, a Kelvin force appears which tends to drive the paramagnetic 

species to the higher magnetic strength areas of the solution. In addition, in deposits of alloys 

of elements with different magnetic susceptibilities, the stoichiometry changes [82].  

This approach was used to obtain patterned deposition of metal during the electrodeposition 

process. In order to intensify the effect of the gradient magnetic field, smaller magnets were 

used [91–93]. However, the diffusion of the paramagnetic species from the high strength 

magnetic force areas should also be taken in consideration [94]. 
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1.2.3.3 Patterning electrochemical deposition under a magnetic field 

Permanent magnets [95,96] or a ferromagnetic material grid [97,98] are usually used to create 

a pattern. There are two types of patterning possible: direct and reverse. Direct patterning is 

created when paramagnetic species are used as a depositing material (Table 8). Ions attracted 

by the magnetic field form a thicker deposit on the areas with a maximum strength of magnetic 

field. The deposition at the area of maximum magnetic field strength has been found to be 

rougher [96] and more dense [99] than on the areas with minimal magnetic influence. It was 

observed that a decrease in hydrogen bubble generation [100–102] is a possible contributing 

factor to the improvement of the layer density. 

Table 8. Overview of published results from direct selective electrodeposition in a magnetic field. 

Metals 
Concentration, 

M 
Substrate 

Strength 
of 

magnetic 
field, mT 

Thickness of 
deposited metal 

under 
magnets/between 

magnets, µm 

Deposition 
time 

Ref. 

Co2+ 1.00 Metal foil 400 distinctive 10 min [103] 

Cu2+ 1.00 Metal foil 400 0.45/1.8 distinctive 10 min [83] 

Ni2+ 1.00 Metal foil 400 distinctive 10 min [83] 

Zn2+ 1.00 Metal foil 400 Barely distinctive 10 min [83] 

Cu2+ 0.10 Au on glass 500 distinctive 0.5/0.25 75.4 sec [104] 

Cu2+ 0.30 Au on glass 500 distinctive 0.17/0.14 29.5 sec [104] 

Cu2+ 0.57 Au on glass 500 distinctive 0.15/0.05 18.4 sec [104] 

Cu2+ 0.75 Au on glass 500 distinctive 0.1/0.01 16.0 sec [104] 

Cu2+ 1.00 Au on glass 500 
no presence of 

pattern 
12.8 sec [104] 

CoFe 
0.0065 each 

element 

Glass disc 
covered by 

Au 
500 distinctive 390 sec [99] 

 

All experiments were conducted with a horizontally placed substrate in order to exclude the 

effect of natural convection. The gradient magnetic field is applied perpendicular to the 

substrate surface. The influence of different parameters on the patterning was investigated. It 

was found that solutions with higher metal concentration produce a less distinguishable pattern 

[79]. Some researchers [79] suppose that all molecules including solvent and additives 

contribute to the magnetic susceptibility of the whole electrolyte solution. However, others 

conclude that only the nature of the metal ion is responsible for the patterning process [103]. 

The arrangement of the patterning elements as well as time of deposition were not found to 

have an effect on the patterning process [103]. The patterns were estimated by visual inspection 

of samples (Figure 19), profilometry [104] and cross sectional SEM imaging [103,104]. 
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Figure 19. The optical images of pattern deposits obtained by applying a gradient magnetic field during 
electrodeposition. A – Cu deposit from 0.1 M solution [104], B – Cu deposit from 1 M solution [104], C – 
Co deposit from 1 M solution [103], D – Ni deposit from 1 M solution [103], E – Cu deposit from 1 M 
solution [103], F – Zn deposit from 1 M solution [103]. 
 

In addition, several experiments were performed in order to obtain a reverse pattern (Table 9). 

The solution consists of depositing metal ions and strongly paramagnetic but electrochemically 

inert ions. The paramagnetic species are attracted by the magnetic field and displace 

electroactive ions. A gradient in atom concentration is created and metals start to deposit at the 

areas with minimum magnetic influence.  

Table 9. Overview of published results from reverse selective electrodeposition in a magnetic field. 

Metal/ 
additive 

Concentration, 
M 

Substrate 

Strength 
of 

magnetic 
field, mT 

Thickness of 
deposited metal 

under 
magnets/between 

magnets 

Time of 
deposition, 

sec 
Ref. 

Cu2+/ Dy3+ 0.1/1 Metal foil 300 Averagely distinctive 1200 [102] 

Zn2+/Dy3+ 0.1/1 Metal foil 300 50nm/100nm 300 [102] 

Co2+/Dy3+ 0.1/1 Metal foil 300 Badly distinctive  [102] 

Ni2+/Dy3+ 0.1/1 Metal foil 300 Badly distinctive  [102] 

Bi3+/Mn3+ 0.01/0.09 Au 500 Distinctive 90 [104] 

 

In the case of inverse patterning the magnetic susceptibility of the depositing metal also 

influences the deposition process. However, in this case it is desirable that the depositing metal 

is diamagnetic or slightly paramagnetic so the magnetic field attracts only inert species.  
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In addition, applying an external magnetic field may improve the quality of pattern [79,105]. 

This effect may be attributed to enhanced overall convection. 

Overall, patterns were successfully obtained for a range of materials including Cu, Zn, Ni, Bi, Co 

and Fe. The theory behind the process is well discussed [79,103], but there is no common 

agreement on the nature of the forces attracting the depositing metal ions. The accuracy and 

reproducibility of pattern formation was not explored. The size of the patterns are in the 

millimetre scale whereas the sub-micron patterning was not attempted [104]. 

No published evidence of patterning electroless deposition under an applied gradient magnetic 

field was found. Because electroless deposition is achieved without applying external electric 

power the only effect present is the micro-MHD effect which only slightly intensifies the reaction 

of deposition but is not expected to cause the patterning effect. The Kelvin forces are much 

smaller in magnitude than thermal motion, which could negatively affect the process of 

patterning by electroless deposition. Also in electroless copper plating most of the Cu2+ ions are 

present in the complexed form Cu[EDTA]. The complex decomposes near or on the substrate 

surface, where the reduction process happens. Therefore, the patterning effect of the magnetic 

field on the electroless plating is expected to be negligible if present at all. 

1.2.5 Nanoparticle deposition patterning by gradient magnetic field application 

Prior to the electroless plating process the surface of the substrate is activated by the catalyst. 

The most commonly used catalysts include Pd, Pt, Au or Ag. The catalysts for electroless plating 

can be deposited from their dispersions where the catalysts exist in nanoparticle form. 

The patterning of magnetic nanoparticles in a gradient magnetic field was previously studied 

(Figure 20). It is often used in biomedical research to pattern cells labelled by magnetic 

nanoparticles (Figure 20, A-C) [106–111].  A magnet alone or a magnet with a template is used 

in order to arrange the cells or particles in the required geometry. 
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Figure 20. Patterning of the magnetic cells and particles by applying a gradient magnetic field A - [107], B, 
C - [110], D - [112]. 
 

The final geometry can be affected by the concentration of the magnetic particles or cells (Figure 

21, A) : the higher the concentration the thicker the lines that were obtained because more 

magnetically labelled cells were attracted by the magnetic field [110]. Also the distance between 

the magnet or magnetic template and the substrate surface on which the magnetic particles or 

labelled cells deposit affects the patterning (Figure 21, B, C) [106,111]. The magnetic field 

strength decreases with distance and less magnetic species can be attracted. 
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Figure 21. The influence of different parameters on the patterning by a gradient magnetic field A – the 
influence of the deposited cell concentration [110], B – the influence of the distance between magnet and 
the substrate on the magnetic flux density gradient [108], C – the influence of the distance between 
magnet and the substrate on the magnetic flux density [113].  
 

The magnet is usually placed perpendicular to the substrate surface so that the south or north 

pole of the magnet is facing the substrate surface. The distribution of the magnetic particles on 
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the substrate after deposition in the magnetic field was studied. Often particles aggregate in the 

magnetic field along the lines of the magnetic field [112,113] or they can also form three-

dimensional aggregates [107,109]. 

 

Figure 22. Three-dimensional arrangement of the magnetic particles in the magnetic field. A – [114], B – 
[115], C – top – the deposition under the magnetic field influence, bottom – deposition without magnetic 
field [109], D, E – [111]. 
 

1.2.6 Conclusion 

 

Magnetic materials can be characterised in terms of magnetization, magnetic susceptibility, 

coercivety and remanence. The magnetic field can influence electrochemical processes and 

improve convection due to the magnetohydrodynamic effect. The effect is higher if more 

electric charge movement is involved in the process, as is the case in electrodeposition. The 

forces of attraction on static ions by the magnetic field is low. Metal deposited in the 

electrodeposition process can be patterned by applying a gradient magnetic field due to the 

current flow, however electroless plating cannot be patterned in this way.  

The magnetic field can attract nanoparticles. Previous works have documented the patterning 

of nanoparticles by gradient magnetic fields. Nanoparticles can also be used to catalyse 

electroless plating. None of the reviewed work suggests further deposition on the patterned 
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magnetic particles or cells. This research is the first to attempt the use of nanoparticles 

patterned by the magnetic field to catalyse the process of electroless deposition in order to 

achieve selective metallisation. Magnetic catalysts have also never been used for electroless 

plating. The method of synthesis of the magnetic catalysts will be discussed in the next part of 

this chapter. 
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Part 3. Synthesis of composite nanoparticles 
1.3.1 Method classification 

Composite nanoparticles are particles with a diameter in the range of 1 – 100 nm and which 

consist of two or more compounds and have the combined properties of each individual part. 

The composites can be arranged in either a core-shell shape or have the shape of Janus particles 

(Figure 23).  

 

 

 

 

Figure 23. Schematic representation of core-shell (left) and Janus (right) particles. 
 

Composite materials have a range of applications due to their unique properties, which arise 

from the combination of the two types of material. For example, Fe3O4 – Ag composites have 

magnetic (Fe3O4) and catalytic (Ag) properties. In order to synthesise composite nanoparticles, 

the synthesis procedures of each individual type of particle are usually combined.  

For the present research the composite consisting of Fe3O4 and Ag was chosen for investigation. 

Fe3O4 particles have ferrimagnetic properties which are close to the ferromagnetic properties of 

Fe. They are often used for patterning deposition in a gradient magnetic field. The Ag was chosen 

due to its catalytic properties towards formaldehyde oxidation. It is a promising cheap 

alternative to the often used Pd catalyst.  

There are a range of classifications of methods of nanoparticle synthesis. One of the most 

common classifications is to divide all synthesis methods into either a top-down or a bottom-up 

approach. Top-down synthesis of nanoparticles includes a range of techniques which allow for 

breakdown of the bulk material into small particles of nanometre size. However, these methods 

often result in non-uniform size distribution and an irregular shape of the particles.  

The bottom-up approach allows for control of the synthesised particles size and shape. Also a 

functional layer can be obtained on the nanoparticle surface. Therefore, only bottom-up 

synthesis will be further reviewed. 
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1.3.2 The methods of Fe3O4-Ag composite nanoparticle synthesis 

The composites consist of two types of particles, therefore often one type of particle is 

synthesised first (Fe3O4) and then the second particle (Ag) is synthesised in the presence of the 

first. This can be done via a one-pot procedure where, after Fe3O4 synthesis, the pre-cursors of 

Ag are added straight into the same solution, which contains the products of the reaction and 

the Fe3O4 nanoparticles. The particles can also be obtained by simultaneous synthesis of both 

Fe3O4 and Ag in one pot. Another approach is to wash the Fe3O4 first and then add the Ag 

precursor to the freshly re-dispersed solution. 

It should be noted that some of the discussed methods describe synthesis of particles exceeding 

100 nm size, which means technically they cannot be classified as nanoparticles (typically 

particles with a diameter below 100 nm). However, because in many works these particles are 

still referred to as a nanoparticles they will also be designated as such in the current work. 

1.3.2.1 Synthesis methods of Fe3O4 nanoparticles for Fe3O4-Ag composites 

In the two step synthesis procedure Fe3O4 nanoparticles are synthesised first. A range of 

methods have been reported for the synthesis of Fe3O4 nanoparticles [114–117] although only 

some of them were used during synthesis of the Fe3O4-Ag composites. 

1) Precipitation or co-precipitation method 

Usually a mix of Fe2+ and Fe3+ salts or Fe2+ salts only are used as a precursor. They can be 

dissolved in water or in organic media. A base (often NH4OH or NaOH) is also added to the 

solution. An example of Fe3O4 formation from Fe2+ ions [118,119] is:  

𝐹𝑒2+ + 2𝑂𝐻− → 𝐹𝑒(𝑂𝐻)2 (29) 

3𝐹𝑒(𝑂𝐻)2 +
1

2
𝑂2 → 𝐹𝑒(𝑂𝐻)2 + 2𝐹𝑒𝑂𝑂𝐻 + 𝐻2𝑂 

(30) 

𝐹𝑒(𝑂𝐻)2 + 2𝐹𝑒𝑂𝑂𝐻 → 𝐹𝑒3𝑂4 + 2𝐻2𝑂 (31) 

From a mix of Fe2+ and Fe3+
: 

𝐹𝑒2+ + 2𝐹𝑒3+ + 8𝑂𝐻− → 𝐹𝑒3𝑂4 + 4𝐻2𝑂 (32) 

The size of the nanoparticles can be adjusted by changing the pH, precursor salts, the base, 

temperature and time of the reaction. In addition, additives are employed to functionalise the 

Fe3O4 surface or to control growth. In order to obtain Fe3O4 for further composite synthesis the 
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works reported particles sizes of 50 nm and below: 10 nm [120,121]; 13 nm [122]; 20 nm[123]; 

51 nm [124]. Typical transmission electron microscopy (TEM) images of the Fe3O4 nanoparticles 

obtained by this method are presented in Figure 24. 

Figure 24. TEM images of Fe3O4 nanoparticles synthesised by the co-precipitation method from works A  
- [121], B – [123]. 
 

2) Solvothermal 

The Fe3+ salt is dissolved in water (hydrothermal synthesis) or an organic solvent (solvothermal 

synthesis). The solution usually contains a base or a reagent which will result in base formation 

e.g. ammonium acetate:  

𝑁𝐻4𝐶𝐻3𝐶𝑂2 + 𝐻2𝑂 →  𝐶𝐻3𝐶𝑂𝑂𝐻 + 𝑁𝐻4𝑂𝐻 (33) 

Surfactants can also be added to the mixture to control nanoparticle growth. The mixture is then 

placed in a Teflon-lined stainless-steel autoclave and heated up to 160-200 oC for a few hours 

(8-24h). During the reaction, part of the Fe3+ ions can be reduced to Fe2+ by a mild reducing agent 

e.g. ethylene glycol according to the following equation: 

2(𝐻𝑂𝐶𝐻2)2 ↔ 2𝐶𝐻3𝐶𝐻𝑂 + 2𝐻2𝑂  (34) 

2𝐶𝐻3𝐶𝐻𝑂 + 2𝐹𝑒3+ ↔ (𝐶𝐻3𝐶𝑂) + 2𝐹𝑒2+ + 2𝐻+ (35) 

𝐹𝑒2+ + 2𝑂𝐻− ↔ 𝐹𝑒(𝑂𝐻)2 (36) 

The existence of the Fe in both ferric and ferrous oxidation states enables magnetite formation 

[116,125]:  



 
41 

 

2𝐹𝑒(𝑂𝐻)3 + 𝐹𝑒(𝑂𝐻)2 ↔ 𝐹𝑒3𝑂4 + 4𝐻2𝑂 (37) 

Usually relatively large particles of sub µm size are obtained with a round shape: 200 nm, 400 

nm and above (Figure 25). 

 

Figure 25. Scanning electron microscopy (SEM) (A) and TEM (B) images of the Fe3O4 synthesis via the 
solvothermal method from works [126,127].  
 

3) Decomposition/solvothermal synthesis 

Fe3O4 can also be obtained by thermal decomposition of Fe(acac)3 (acac = acetylacetonate), or 

Fe(CO)5. The most widely used method of decomposition-solvothermal synthesis in the 

presence of oleylamine and oleic acid was first proposed by Sun [103]. This method is used for 

simultaneous synthesis of Fe3O4 and Ag in order to form a composite. For this reason, the 

solution also contains the Ag precursor and stabilizers such as polyvinylpyrrolidone (PVP), oleic 

acid and dodecandiol. After mixing, the obtained liquid is placed in a sealed container and 

subjected to high pressure and temperature treatment or microwave irradiation. The obtained 

composite particles are presented at Figure 26. Usually Janus-like particles are obtained by this 

method and the size of the biggest particle does not exceed 15 nm. In TEM images, the particles 

with higher electron density (Ag) appear darker than the particles with lower electron density 

(Fe3O4) [128]. However, the particles usually have quite low values of magnetisation saturation 

which do not exceed 10 emu/g which is probably due to the small size of the particles.  
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Figure 26. TEM images of the Fe3O4 – Ag nanoparticles synthesised via the thermal 
decomposition/solvothermal method from works: A -[129], B - [130]. 
 

1.3.2.2 The synthesis of Fe3O4-Ag composites 

 

Ag can be reduced from Ag salt by using NaBH4  (Figure 27, A, B) according to the reaction [131]: 

𝐴𝑔𝑁𝑂3 + 2𝑁𝑎𝐵𝐻4 → 𝐴𝑔 + 𝐻2 + 𝐵2𝐻6 + 𝑁𝑎𝑁𝑂3 (38) 

The reduction by NaBH4 can be accompanied with PVP as a stabilizer (Figure 27, C, D). Previous 

works have shown that both Fe3O4 and Ag are present in the composite obtained by the 

reduction with NaBH4 though there was not enough evidence to confirm the core-shell structure 

as some claimed.  

 

Figure 27. SEM (A [132], 
B [124]) and TEM (C [133], D 
[134]) images of the Fe3O4-Ag 
nanoparticles, where Ag obtained 
by NaBH4 reduction, C, D – in the 
presence of PVP. 
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The presence of both Fe3O4 and Ag in composites was confirmed by energy-dispersive X-ray 

spectroscopy (EDX) [132,134], x-ray diffractometry (XRD) [124,133] and by measuring 

interplanar distance in high-resolution transmission electron microscopy (HRTEM) images [134].  

Ag+ can also be reduced by other organic molecules: a range of amino acids (tyrosine, arginine 

(Figure 28, A) [135], histidine [136]), glucose (Figure 28, B) [137], tartaric acid (Figure 28, C) [138], 

(3-Aminopropyl)triethoxysilane [121], (3-Aminopropyl)trimethoxysilane [122] and vinifera 

extract (Figure 28, D) [139]. The obtained particles usually have a composite structure, 

confirmed by XRD [93,96,97], EDX [93, 97], and selected area diffraction pattern [97].  

 

Figure 28. TEM (A, D) and SEM (B, C) images of the Fe3O4-Ag nanoparticles obtained by Ag reduction with  
A – arginine [93], B – glucose [95],  C – tartaric acid [96], D – vinifera extract [97].   

 

Often, visible absorption spectra are reported for composite Fe3O4-Ag nanoparticles (Figure 29, 

A-C).  The peaks are typically observed in the range of 400-500 nm. However, peaks in a similar 

range can also be observed in Ag nanoparticles (Figure 29, D-F) and will be shifted depending on 

the size and shape of the particles, while Fe3O4 nanoparticles do not have characteristic 

absorption peak in a visible spectrum. Therefore, this analysis can confirm the presence of Ag 

though it does not necessarily mean that the composite Fe3O4-Ag was formed or that Fe3O4 is 

even present in the sample.  
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Figure 29. Visible absorbance spectrum of the composite Fe3O4-Ag: A - [139], B - [124],C - [134]; and Ag 
nanoparticles: D - [140], E - [141], F - [142]. 

 

In order to obtain a core-shell structure of nanoparticles, intermediate layers are often used 

between Fe3O4 and Ag: these can include carbon (Figure 30, A), TiO2 (Figure 30, B) and SiO2 

(Figure 30, C). These layers can prevent particle agglomeration (C) or promote Ag precursor 

adsorption (TiO2, SiO2). The layer can also protect Fe3O4 from an acidic environment. The 

composites synthesised by using additional layers have definite core-shell structures. 

 

Figure 30. TEM images of Fe3O4-Ag core-shell nanoparticles with intermediate layer of A – carbon [143], 
B – TiO2 [144], C – SiO2 [126]. 
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The most effective way to prove the core-shell structure formation is to do a mapping of the 

elements by EDX (Figure 31). This allows visualisation of the position of the elements in the 

image.  

 

 

Figure 31.  Element mapping of the composite nanoparticles by EDX analysis A – of the Fe3O4 – C – Ag 
nanoparticles [145], B – of the Fe3O4-SiO2-TiO2-Ag nanoparticles [146]. 
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1.3.3 Scaling-up the synthesis of nanoparticles  

Often the works which describe the methods of synthesis do not report the yield of the synthesis 

reaction. However, low yield can limit the application of the particles and increase their price. 

Even with high yield some processes are hard to scale-up in order to achieve an adequate 

amount of catalyst to conduct the required number of experiments. 

Therefore, often special equipment is used in order to quickly synthesise large amount of 

nanoparticles by the bottom-up approach. The main problem associated with scaling-up the 

synthesis procedure is how to provide mixing of the solution during synthesis such that the 

reagents distribute equally and monodispersed particles can be synthesised. One of the 

methods which allows adequate mixing of solutions and scaling-up of the synthesis procedure 

is use of the spinning disc reactor (SDR) [147,148]. 

The reagents are mixed on the spinning disc (Figure 32, A) and form a thin film on the disc due 

to centrifugal forces. This intensifies the mass transfer during the reaction. The reacted mixture 

eventually leaves the disc due to centrifugal forces and is collected. In this way, the products of 

the reaction are excluded during synthesis and only unreacted reagents are supplied onto the 

disc in a controlled way. 

 

 
Figure 32. A – the set-up of the SDR [148], B – comparison of the nanoparticles size synthesised by 
conventional and SDR methods [147], C – comparison of the particles size distribution synthesised without 
disc rotation and at the rotation 3000 rpm [149]. 
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By this approach Fe3O4 nanoparticles were synthesised [147,149]. It was reported that the size 

of the particles are reduced compared to the conventional co-precipitation method of synthesis 

(Figure 32, B).  The size of the particles can also be altered by changing the rotation speed on 

the spinning disc (Figure 32, C).  

1.3.4 Reproducibility of the nanoparticles synthesis 

There are a large amount of works describing nanoparticle synthesis procedures, however 

reproducibility of the synthesis is rarely discussed or reported. The difficulties with synthesis 

reproduction can first of all arise due to the inaccurate reporting of the published preparation 

procedure. For example a paper was published by Gong et al [120] on the synthesis of Fe3O4-Ag 

core-shell nanoparticles. However, the amount of Ag precursor suggested in the paper would 

not be sufficient to cover the Fe3O4 nanoparticles and this synthesis procedure was found to be 

questionable by another research group [150]. It is rarely highlighted, but information regarding 

the synthesis procedure is often missing in the reports and insufficient for reproduction of the 

work. 

Changes in nanoparticles can happen during drying and storage. Due to their high surface area 

the nanoparticles often have surface contamination [151] and oxide film formation [152,153] 

which affects their properties. The particles can agglomerate during storage. Particle 

transformations with aging were summarised by Baer [152]. (Figure 33, A). However, these 

issues are often underreported which makes it difficult to reproduce the synthesis.  

 

Figure 33 A – The chemical and physical changes of nanoparticles with time [152]. B – the results of 
inductively-coupled plasma (ICP) analysis of the composition of particles synthesised in different batches 
[154]. 
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Even when the synthesis is reproduced by the same research group, variation can be observed 

batch to batch (Figure 33, B) [151,155]. 

As the issues are rarely reported with nanoparticle synthesis, the reproducibility of the 

syntheses should be controlled in order to ensure reproducibility of the other nanoparticle 

properties [151–153]. 

1.3.5 Methods of nanoparticles dispersion 

Colloid nanoparticle dispersions consist of two phases: liquid (dispersant e.g. water) and solid 

(particles). Usually, dispersions are characterised by the size of the dispersed particles as shown 

in Table 10, although the systematisation may vary. 

Table 10. The classification of dispersion by the size of dispersed solid particles [156]. 

Particle size, mm 10 1 10-1 10-2 10-3 10-4 10-5 10-6 <10-6 

Classification 
Coarse dispersion (visible by 

naked eye) 
Fine particulate 

dispersion 
Colloidal 

dispersion 
Solution 

Total surface area, 
m2/cm3 

6x10-4 6x10-3 6x10-2 0.6 6 60 600 6000  

 

The nanoparticles can be used for their applications as synthesised. However to avoid the 

influence of the reaction products on the performance the particles can also be washed, dried 

and re-dispersed. In addition, when the particles are re-dispersed from the dry powder, the 

concentration can be precisely controlled. 

In order to disperse particles in a liquid, magnetic or mechanical stirring can be used. The 

nanoparticles can agglomerate during drying and in order to break the chemical bonds other 

ways of dispersion should be considered for example ultrasonication and milling. 

The concentration of the particles in dispersion affects their behaviour in the colloid. In “diluted” 

colloids the particles experience only Brownian motion and do not have interaction with 

neighbouring particles until collision. They can be called “vapour-like” colloids [157]. As the 

concentration of nanoparticles increases in the solution, the particles have more neighbouring 

particles with which to interact. They experience attractive and repulsive forces.  

In order to overcome the attraction, electrostatic repulsion forces can be introduced into the 

colloid (the particles possess the surface charge and repel each other) or steric stabilization can 
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be used (the particles are covered with a polymer molecule which sterically keeps particles apart 

so that Van der Waals forces cannot arise). 

When the particle concentration increases the particles constantly experience interactions with 

neighbouring particles and this is called a solid-like colloid. 

Often sedimentation can occur in colloid solution due to gravitational forces (Figure 34, B, C). 

The gravitational force acting on the particle is:  

𝐹𝑔 = (4/3)𝜋𝑅3𝛥𝜌𝑔 (39) 

where R – the particle radius, Δ ρ is the difference between the density of dispersant and 

particles, g is the acceleration due to gravity. 

When this force exceeds the value of kT (k is the Boltzmann constant and T is the absolute 

temperature) the sedimentation of individual particles will occur. This sediment is usually hard 

to re-disperse due to the close position of the particles to each other and the resultant chemical 

bonds between them. 

The particles can also experience flocculation (Figure 34 G-I) – the physical process of 

agglomeration which often can happen with sterically stabilized particles. Often this is because 

either a) the layer of polymer on the particles surface is too thin and cannot prevent particle 

interaction or b) excess polymer in the dispersion which causes particles to be attracted to each 

other, driven by osmotic pressure. Also bridging flocculation can occur when the polymer binds 

to several particles simultaneously due to incomplete surface coverage. When particles are 

strongly attracted to each other, a coagulation process can occur (Figure 34 D-F). Often 

coagulation and flocculation are used as synonymous terms, as no clear definition of each term 

exists. The colloid can exist in the states as shown in Figure 34. 

 

 

 

 

 

 



 
50 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 34. The possible distribution of the particles in the colloid dispersion [157]. 
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1.3.6 Conclusion 

There are a number of works that show that electrodeposition can be patterned by applying a 

gradient magnetic field. However, this requires interaction of an externally induced electric 

current with a gradient magnetic field, which is not present during normal electroless plating. 

There is no evidence in the literature to suggest that selective deposition of metal during 

electroless plating via the application of a gradient magnetic field has been performed before. 

However there are a few premises to this study:  

• the magnetic nanoparticles can be deposited selectively by applying a gradient magnetic 

field; 

• catalyst nanoparticles can be used as a catalyst for the electroless copper plating 

process; 

• the nanoparticles can be synthesised in such a way that they possess both magnetic and 

catalytic properties 

Therefore, the present work focussed on: 

1) Synthesis of magnetic-catalyst nanoparticles. There are range of synthesis procedures for 

composite Fe3O4-Ag nanoparticles. The surface area of the nanoparticles and their catalytic 

activity increase with a decrease in particle size. However, the magnetization saturation value 

decreases with nanoparticle size unless superparamagnetic nanoparticles are obtained. The 

superparamagnetic nanoparticles will be ideal for selective metallisation as their small size will 

allow for creation of precise patterns as well as allowing for a high surface area and catalytic 

activity. However, the methods of synthesis of these particles require the use of high 

temperature, high pressure and organic solvents which contradicts the idea of creating an 

environmentally more friendly process. Therefore, water-based syntheses at temperatures 

below 100 oC are considered.  

2) The catalyst characterisation. The particle size, composition and crystal structure should be 

analysed in order to prove that the correct material was synthesised. After this, the magnetic 

and catalytic properties will be assessed. The catalytic activity of the particles should be 

characterised by both electrochemical methods and electroless Cu plating, as the 

electrochemical method does not give exact quantitative measurement and gives only a 

qualitative measure of the ability to catalyse the plating reaction.  



 
52 

 

3) As there has been no research performed on magnetic catalysts for electroless plating, the 

distribution of the catalyst under the magnetic field on the substrate surface and the quality of 

the subsequent electroless plating (its continuity and morphology) will be analysed in the 

present work.  
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Chapter 2. Methodology 
2.1 Overview 

This chapter contains the methods of electroless plating, synthesis methods of magnetic catalyst 

nanoparticles, methods of dispersion and methods of template fabrication and holder 

fabrication. The chapter will cover the following aspects of the methodology: 

• The electroless plating of Cu onto the laminate substrate is a standard procedure which 

was modified during the research and the standard procedure is described. 

• During the research it was found that the magnetic field does not have any patterning 

effect on electroless plating of Cu, therefore it was decided that replacing the standard 

Pd catalyst with a catalyst that is ferromagnetic would be a better option. The synthesis 

of the novel ferromagnetic catalyst is described. 

• The catalyst for electroless plating usually deposits on the substrate surface from the 

solution or dispersion. The methods of catalyst nanoparticle dispersion preparation by 

ultrasonication and filtration are described. 

• The methods of magnetic field application during catalyst deposition and electroless 

plating are described. First, the attachment of the single permanent magnet is 

described. Then, the simulation and fabrication of the template which is ‘patterning’ the 

magnetic field is detailed. Finally, a holder was made - which helped to keep the magnet, 

magnetic template and the substrate in the same place during deposition and protect it 

from the solutions. 

• The characterisation techniques which were used throughout the research are 

described as well as the sample preparation for the analysis. 

• The conclusion describes the final developed method of selective metallisation by 

applying a gradient magnetic field during electroless Cu plating. 

The overall scheme of the performed research is presented at Figure 35. It started with standard 

electroless plating under a magnetic field influence. Then, the novel magnetic catalyst was 

synthesised and dispersed. The magnetic template and holder were then fabricated. At the end, 

selective electroless plating was performed by using the magnetic template and the novel 

magnetic catalyst.  
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Figure 35. The overall scheme of the methodology. 
 

2.2 Electroless Cu plating on non-conductive material 

The procedure used in the current work for electroless plating of Cu onto non-conductive 

material was used in other studies [27,31,158]. Laminate substrate was first cut into 30 x 30 x 3 

mm pieces. 

The standard electroless Cu plating process (which was used as the control) has the following 

steps: substrate pre-treatment; catalyst deposition and electroless Cu plating. The plating line is 

depicted in Figure 36.  

  

 

 

Figure 36. Schematic representation of stages of electroless Cu plating process including pre-treatment. 
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The reagents used to make the solutions were purchased from Dow Electronics. 

Table 11. The reagents used in the electroless Cu plating process and their composition. 

Name of the 
component 

Composition*, 

vol % 
Present chemical 

Circuposit Conditioner 
3320A 

25 – 40 Glycolic acid 

7.0 - 10.0 
P-toluenesulphonic acid, containing a 

maximum of 5% H2SO4 

5 – 7 Octylphenoxypolyethoxyethanol 

5 – 7 Sulphuric acid 

3 - 5 Ammonia, anhydrous 

3 – 5 Isopropanol 

0.25 - 0.5 Methoxyacetic acid 

Circuposit Pre-Dip 
3340/4400 

12.5 – 15 Sodium hydrogensulphate 

60 - 80 Sodium chloride 

Catalyst 3344/4444 15 – 20 Stannous Chloride 

 7 - 10 Hydrochloric acid 

  Pd source and concentration is not disclosed 

3350 A - 1 25 - 40 Copper dichloride 

3350 M - 1 20 – 25 Tetrasodium ethylene diamine tetraacetate 

 60 - 80 Sodium chloride 

Cuposit Y - 1 25 - 40 Formaldehyde 

 1 – 2.5 Methanol 

Cuposit Z - 1 40 - 60 Sodium hydroxide 

* The composition as provided by the supplier. 
 

The solutions were made according to the following procedure: 

1) Conditioner solution preparation procedure: 

The water purified by reverse osmosis (RO water) in amount 450 ml and 50 ml Circuposit 

Conditioner 3320A (the information about all reagents used in the procedure is shown in Table 

11) were mixed and heated to 46oC while vigorously stirring.  
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2) Pre-dip solution preparation procedure: 

Circuposit Pre Dip 3340/4400 (135 g) was dissolved in 420 ml RO water until clear. Then the 

solution was made up to 500 ml using RO water. The solution was operated at room temperature 

(on average 23 oC). 

3) Pd catalyst solution preparation procedure (only for Chapters 3 and 7): 

Circuposit Pre-Dip 3340/4400 (135 g) was dissolved in 450 mL RO water and stirred until clear. 

Then, 10 ml of Circuposit Catalyst 3344/4444 and 3 ml Cataposit 449 were added. During 

continuous stirring the solution was heated up to 35oC. 

4) Electroless copper plating solution preparation procedure: 

Circuposit 3350 M-1 (75 ml), 5 ml Circuposit 3350 A-1 and 5.25 ml Cuposit Z-1 were added to 

410 ml RO water during vigorous stirring. Then the solution was heated up to 46oC and 5.7 ml 

Cuposit Y-1 was added.  

The obtained electroless copper deposit was characterised by: 

• scanning electron microscopy – for morphology evaluation of the deposited copper. 

• resistance measurement – used in order to confirm that the coating is conductive. 

• adhesion testing – this was performed on part of the sample in order to compare the 

plating adhesion to the surface of the non-conductive substrate (see Section 2.7 for 

more details). 

2.3 Nanoparticle catalyst synthesis 

The standard Sn/Pd catalyst does not have ferromagnetic properties [88] and therefore was not 

attracted by the magnet. As a replacement, a novel magnetic catalyst was synthesised (the 

results are described in Chapter 4) that comprised of magnetic (Fe3O4) and catalytic (Ag) particles 

by the following procedures (Table 12):  

• The magnetic Fe3O4 nanoparticles (S1, S2) were synthesised first and then the Ag was 

reduced in the presence of Fe3O4. The concentration of the Ag precursor was varied.  

• The one-pot synthesis of nanocomposite and functionalization of particles during the 

synthesis by polyvinylpyrrolidone (S3) and arginine (S4). 

• The core-shell particles were synthesised by locating the reducing agent at the magnetic 

nanoparticle surface (S5).  
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Table 12. Summary of all nanoparticle synthesis procedures used in this work.  

Code name of the 
nanoparticles 

Synthesis of Fe3O4 Synthesis of Ag Additives Reference 

S1 
Precipitation 

reaction of FeSO4 
and NH4OH 

  [114] 

S1 – 1; S1 – 2; S1 – 
3; S1 - 4 

S1 at different 
amount 

Reduction of AgNO3 at 
different concentrations 

by NaBH4 
 [124,132] 

S2 S1  
Reaction carried out 

on spinning disc 
reactor 

 

S2 – 3; S2 - 4 S2 
Reduction AgNO3  at 

different concentrations 
by NaBH4 

  

S3 

 

Co-precipitation 
FeSO4 and FeCl3 by 

NH4OH 

Reduction [Ag(NH3)2]NO3 
by NaBH4 

Polyvinylpyrollidone [133] 

S4 
Precipitation of 

FeSO4 by arginine 

Reduction of AgNO3 by 
arginine 

Reduction [Ag(NH3)2]NO3 

by SnCl 

Arginine [135] 

S5 S1 

Reduction of AgNO3 by 
arginine 

Reduction [Ag(NH3)2]NO3 

by SnCl 

SiO2 [159] 

 
 

2.3.1 Iron oxide synthesis  

• Procedure 1 (S1) 

NH4OH solution of concentration 25%, Sigma Aldrich in amount 20 ml was added drop-wise to a 

RO water solution of 0.01 M FeSO4 x 7 H2O, Fisher Scientific. The mixture was magnetically stirred 

for 1 hour at room temperature. Then the solution was filtered and washed with RO water 3 

times. Collected materials were left to dry overnight at 50 oC in the oven. 

• Procedure 2 (S2) 

Synthesis was conducted using a SDR. The scheme of the SDR is presented in Figure 37, A and 

the disc itself in Figure 37, B. In short, both of the reagents were pumped with a speed of 60 

ml/min and were supplied at the centre of the spinning disc. The disc rotated with a speed of 

3000 rpm. During the rotation the reagents are mixed and moved by centrifugal force to the side 
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of the disc and on the reactor wall. The liquid is moved down by gravity and collects at the 

bottom of the reactor.  

 

Figure 37. A - The scheme of the spinning disc reactor and the principle of its action; B – photo of the 
spinning disc. 

 

After collection the solution was stirred for 1 hour. Then the particles were separated from the 

products of reaction using a magnet and washed 3 times with RO water. The obtained particles 

were then dried in the oven overnight at 50 oC. 

2.3.2 Composite particles synthesis  

 

• Calculation of the concentration of precursors 

The initial idea was to create core-shell nanoparticles by Ag reduction in the presence of Fe3O4. 

Calculations were made in order to estimate the amount of Ag required to cover the Fe3O4 

nanoparticles. These calculations were made with the following assumptions: 

• Iron oxide nanoparticles are spherical particles 

• The radius of iron oxide is equal to the average calculated radius of particles obtained 

from TEM;  

• Iron oxide nanoparticles are well dispersed so all of the surface is accessible for the 

reaction; 

• The yield of the Ag reduction reaction is 100%; 

• All silver is reduced on the Fe3O4 particles surface and is distributed evenly across the 

surface. 

Based on the radius of the particles the volume of one particle can be calculated: 
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𝑉 =
4𝜋𝑟3

3
 (40) 

From the volume of the particle and density (the density of Fe3O4 is ρ = 5.17 g/cm3), the mass of 

one particle can be obtained: 

𝑚 = 𝑉𝜌 (41) 

The overall mass of the particles can be varied and determined, therefore the number of Fe3O4 

particles can be calculated using the following equation: 

𝑁 =
𝑚𝑜𝑣𝑒𝑟𝑎𝑙𝑙

𝑚1 𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒
 (42) 

The surface area of Fe3O4 nanoparticles can be determined with the equation for the surface 

area of sphere: 

𝑆1 𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒 = 4𝜋𝑟2 (43) 

Then the overall surface area of all Fe3O4 particles will be: 

𝑆𝑜𝑣𝑒𝑟𝑎𝑙𝑙 = 𝑆1 𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒 ∗ 𝑁 (44) 

The mass of the reduced silver can be calculated from following equation, considering the mass 

of AgNO3 is known and 100% of Ag ions are reduced in the following reaction: 

The amount of reacting AgNO3 in moles will be: 

𝑛 =
𝑚 (𝐴𝑔𝑁𝑂3)

𝑀 (𝐴𝑔𝑁𝑂3)
 (46) 

According to reaction (45) the mole amount of reacting AgNO3 is equal to the mole amount of 

obtained Ag so the mass of Ag can be calculated: 

𝑚(𝐴𝑔) = 𝑛 ∗ 𝑀(𝐴𝑔) (47) 

Next, the volume of the obtained silver can be calculated: 

𝑉 =
𝑚

𝜌
 (48) 

Finally, the thickness of the deposited Ag layer can be obtained: 

2𝐴𝑔𝑁𝑂3 + 2𝑁𝑎𝐵𝐻4 →  2𝐴𝑔0 + 𝐻2 + 𝐵2𝐻6 + 2𝑁𝑎𝑁𝑂3 (45) 
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ℎ =
𝑉

𝑆
 (49) 

Therefore the silver layer thickness depends on the mass of Fe3O4 and AgNO3 and also on the 

size of the Fe3O4 nanoparticles and can be described by the equation: 

ℎ = 0.164
𝑚(𝐴𝑔𝑁𝑂3) ∗ 𝑟(𝐹𝑒3𝑂4)

𝑚(𝐹𝑒3𝑂4)
 (50) 

By following the previously described calculations, the synthesis procedures were established 

as shown in Table 13. 

For the S2 composites S2 – 3 and S2 - 4 the concentrations were used as for S1 - 3 and S1 - 4 

synthesis respectively. The schematic representation of the composite synthesis is shown at 

Figure 38. 

Table 13. The parameters of performed syntheses and calculated “shell” thickness of the core-shell 
particles formed. 

Synthesis code 
name 

Amount of 
Fe3O4, g 

Radius of Fe3O4, 
nm 

Amount of 
AgNO3, g 

Thickness of the 
silver shell, nm 

S1 – 1 0.6 31.5 0.17 1.5 

S1 – 2 0.3 31.5 0.17 3.0 

S1 – 3 0.1 31.5 0.17 8.8 

S1 – 4 0.1 31.5 1.70 87.9 

S2 – 3 0.1 11.0 0.17 3.1 

S2 – 4 0.1 11.0 1.70 30.7 

 

• Synthesis procedure of the S1 and S2 based composites. 

This procedure is a modified synthesis from a previous work [114]. The Fe3O4 nanoparticles were 

dispersed by magnetic stirring in 300 ml of RO water for 10 min. Then, 100 ml of AgNO3 (99.9 %. 

Alfa Aesar) solution was added. After the mixing, 30 ml of 0.1 M NaBH4 (98 %, Sigma Aldrich) 

solution was added dropwise. The solution was then left to stir for 10 min. Afterwards, the 

nanoparticles were separated by a magnetic field and washed 3 times with RO water. The 

particles were dried overnight in the oven at 45 oC. 
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• Synthesis procedure of S3 composite  

FeSO4 ·7 H2O (99%, Fisher scientific) and FeCl3 · 6 H2O (99% ACROS Organics) in amounts of 0.5 g 

and 0.16 g respectively were dissolved in 20 ml RO water. Then, 0.1 g of polyvinylpyrrolidone 

(MW=40000, ACROS Organics) was added and stirred until dissolved. NaOH (Extra Pure, Fisher 

Chemical) solution in amount 10 ml of concentration 0.01 M was then added dropwise.  Then 

the mixture was stirred for 30 min at 40 oC after which 15 ml of [Ag(NH3)2]NO3 solution was 

added. After stirring, 20 ml of 0.83 M NaBH4 solution was then added dropwise. The solution 

was left to react for 1 h at 40 oC. 

Fresh [Ag(NH3)2]NO3 was prepared by dissolving 15 mg of AgNO3 in 2 ml RO water, then 10 % 

NH4OH was added dropwise during vigorous stirring. At first, a brown precipitate formed (Ag2O) 

which was diluted with further addition of NH4OH. When the precipitate completely dissolved 

the addition of NH4OH was stopped. The volume of solution was then made up to 15 ml by 

addition of RO water. 

After the reaction completed, nanoparticles were separated by a magnet from the dispersion 

and washed with RO water. Washing was repeated 3 times. Then the particles were dried at 45 

oC in the oven overnight. 

• Synthesis procedure of S4 composite 

In RO water (250 ml) were dissolved FeSO4 · 7 H2O (1.39 g) and arginine (99%, Sigma Aldrich) 

(5g). The solution was stirred for 1 h at 70 oC. AgNO3 (0.85 g) and arginine (5 g) were dissolved 

in 250 ml RO water and added to the first solution. The mixture was left to stir for 8 h at 70 oC.  

After that, nanoparticles were separated with a magnet and washed in RO water 3 times. The 

particles were dried at 45 oC overnight. 

• Synthesis procedure of S5 composite  

Fe3O4 (0.05 g), synthesised as described in procedure S1, was dispersed in 100 ml methanol 

(Extra Pure, Fisher Chemical) and 10 ml 25% NH4OH mixture by ultrasonication for 10 min. Then 

0.02 ml of tetraethyl orthosilicate (98%, ACROS Organics) was added and the dispersion was 

ultrasonicated for a further 2 h. After that, particles were separated by a magnet and washed 3 

times in methanol. Then, particles were re-dispersed in 50 ml solution of 0.6 g SnCl2 (pure, Fisher 

Chemical) and 0.01 M HCl (Fisher Chemical) by ultrasonication for 30 min. The particles were 

washed in RO water and re-dispersed in 50 ml 0.13 M [Ag(NH3)]NO3 by ultrasonication for 1 h. 
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Then the obtained particles were magnetically separated, washed in RO water 3 times and dried 

overnight at 45 oC. 

 

 

 

 

 

 

 

 

Figure 38. Schematic representation of the composite nanoparticle synthesis. 

The nanoparticles were characterised by the following methods: 

1) Size and chemical composition were determined by SEM, EDX, TEM and ICP 

2) The crystal structure was determined by x-ray diffractometry (XRD). 

3) The magnetic properties were first evaluated by a preliminary test (placing the magnet 

near the vial with particles to see if they were attracted) and later by vibrating sample 

magnetometry. 

4) The catalytic activity was characterised by CV and confirmed by actual plating. 

2.4 Catalyst dispersion 

• Ultrasonication equipment 

A Langford 575 ultrasonication cleaning unit was used with an operating frequency of 40 kHz, 

applied ultrasonic power of 300 W and a volume of 3.6 L. The operating power of the 

ultrasonication bath was estimated by the calorimetry method [160], with change of 

temperature over 20 min of bath operation being measured. The experiment was repeated 3 

times. Then the power was calculated by using equation 51. 

𝑃 =
𝑑𝑇

𝑑𝑡
𝐶𝑝𝑚,     (51) 
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where P – is power of the ultrasonication, 
𝑑𝑇

𝑑𝑡
 – the change of temperature over time, 𝐶𝑝 – heat 

capacity of the solvent, m – the mass of solvent. 

The calculated power of the ultrasonication in 100 ml of water is 1.4 W. 

The positioning of the beaker in the ultrasonication bath is depicted in Figure 39. 

 

 

Figure 39. The position of the beaker in the ultrasonication equipment side view (left) and top view (right). 
 
 

• Dispersion preparation 

Dried synthesised nanoparticles (0.25 g) obtained by procedure 1 (S1) were placed in 100 ml RO 

water (or 0.01 M HCl for S4 pH2 sample) in a 150 ml glass beaker. The beaker then was placed 

in the ultrasonication bath and ultrasonicated for 5 or 30 min (Figure 40).  

Often ultrasonication can cause significant heating of the water in both the bath and beaker. 

This was not usually observed after 30 min ultrasonication. However, if ultrasonication was 

performed in immediate succession heating of the dispersion up to 40 oC was observed. The 

change in temperature affects the magnetic properties of the materials [161]. Therefore, the 

experiments were conducted after at least 15 min equipment rest time.    

• Filtration 

After ultrasonication some of the dispersions were filtered. Moistened qualitative filter paper 

QL 120 Fisherbrand (pore size is 6 µm) was placed in a Buchner funnel. Vacuum filtration was 

used. The collected filtrate was placed in a 250 ml beaker in order to conduct further 

depositions. 
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Figure 40. Schematic flow chart of the experiments on the dispersion of nanoparticles. 
 
 

2.5 Gradient magnetic field application during electroless Cu plating 

Two set-ups of magnet and substrate arrangement were used in order to apply the magnetic 

field to the substrate surface: 

❖ Set-up 1 

This set-up was used for 3 mm thick laminate substrate (Chapter 5). A Ni-Cu-Ni plated NdFeB 

N42 (N refers to Neodymium while 42 is the strength of the magnet in MGOe) magnet with 

dimensions 10 x 5 x 2 mm was used (the north and south pole are on opposite 10 mm x 5 mm 

faces).  The magnet was attached to one side of the substrate by tape (Figure 41). The opposite 

side was a working side where the plating was expected to be obtained. 

 

 

 

 

 

 

Figure 41. The set-up for the magnetic field application to the substrate. A – the working side of the 
substrate, B – the side with the magnet attached, C – side view of the substrate. 

 

Subsequently, the substrate was subjected to the procedure described in section 2.2 of 

methodology with minor modifications: 
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• The catalyst dispersion was not stirred and used straight after preparation.  

• Electroless Cu plating solution (80 ml) was used per sample. The solution was not stirred 

during deposition – magnetic stirring was not possible due to the interaction between 

the stirrer and attached magnet.  

• Mechanical stirring was not used for the same reasons – in order to avoid disruption 

resulting from movement of the blades. Another method of dispersion is 

ultrasonication. However, due to weak interactions between the magnetic field and the 

catalyst particles, the catalyst particles were displaced by ultrasonication.  

❖ Set-up 2 

 The second set-up included use of the template and holder (Chapter 7). 

1) Simulation of the magnetic template 

The magnetic template was developed in order to “pattern” the magnetic field. First, 2D 

simulations of the magnetic flux density distribution across the substrate surface were 

performed using Finite Element Method Magnetics (FEMM) software. 

A schematic representation of the simulation is shown in Figure 42. The parameters of the 

simulated cases are presented in Table 14. More details and results of simulations are described 

in Chapter 6. 

 

 

 

 

 

 

 

 

 

Figure 42. The scheme of the simulated set up with the terminology used. Template consisted of “lines” 
– the metallic parts of the template which provide the gradient magnetic field. 
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Table 14. The parameters of the magnetic template simulations. 

Number 
Line 

width, 
mm 

Line 
height, 

mm 

Distance 
between 
lines, mm 

Magnet 
length, 

mm 

Magnet 
thickness, 

mm 

Number 
of lines 

Magnet 
orientation 

towards 
substrate 
surface 

Substrate 
thickness, 

mm 

1 0.5 1 0.5 10 2 10 Perpendicular 3 

2 0.5 1 0.5 10 2 10 Perpendicular 0.41 

3 0.5 2 0.5 10 2 10 Perpendicular 0.41 

4 0.5 3 0.5 10 2 10 Perpendicular 0.41 

5 0.5 4 0.5 10 2 10 Perpendicular 0.41 

6 0.5 5 0.5 10 2 10 Perpendicular 0.41 

7 0.5 6 0.5 10 2 10 Perpendicular 0.41 

8 0.5 7 0.5 10 2 10 Perpendicular 0.41 

9 0.5 8 0.5 10 2 10 Perpendicular 0.41 

10 0.5 9 0.5 10 2 10 Perpendicular 0.41 

11 0.5 10 0.5 10 2 10 Perpendicular 0.41 

12 0.5 15 0.5 10 2 10 Perpendicular 0.41 

13 0.5 20 0.5 10 2 10 Perpendicular 0.41 

14 0.5 25 0.5 10 2 10 Perpendicular 0.41 

15 0.5 30 0.5 10 2 10 Perpendicular 0.41 

16 0.5 35 0.5 10 2 10 Perpendicular 0.41 

17 0.5 40 0.5 10 2 10 Perpendicular 0.41 

18 0.5 45 0.5 10 2 10 Perpendicular 0.41 

19 0.5 50 0.5 10 2 10 Perpendicular 0.41 

20 0.5 60 0.5 10 2 10 Perpendicular 0.41 

21 0.5 70 0.5 10 2 10 Perpendicular 0.41 

22 0.5 80 0.5 10 2 10 Perpendicular 0.41 

23 0.5 90 0.5 10 2 10 Perpendicular 0.41 

24 0.5 100 0.5 10 2 10 Perpendicular 0.41 

25 0.5 1 0.5 2 2 10 Perpendicular 0.41 

26 0.5 1 0.5 6 2 10 Perpendicular 0.41 

27 0.5 1 0.5 10 2 10 Perpendicular 0.41 

28 0.5 1 0.5 14 2 10 Perpendicular 0.41 

29 0.5 1 0.5 18 2 10 Perpendicular 0.41 

30 0.5 1 0.5 10 1 10 Perpendicular 0.41 
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31 0.5 1 0.5 10 2 10 Perpendicular 0.41 

32 0.5 1 0.5 10 3 10 Perpendicular 0.41 

33 0.5 1 0.5 10 4 10 Perpendicular 0.41 

34 0.5 1 0.5 10 5 10 Perpendicular 0.41 

35 0.5 1 0.5 10 10 10 Perpendicular 0.41 

36 0.5 1 0.25 10 2 10 Perpendicular 0.41 

37 0.5 1 0.75 10 2 10 Perpendicular 0.41 

38 0.5 20 0.75 20 10 16 Perpendicular 0.41 

39 0.5 20 0.75 20 10 16 Parallel* 0.41 

*Typically for patterning purposes the magnet was placed perpendicular to the substrate surface. 
Therefore the perpendicular orientation was most often simulated. 

 

2) Template fabrication 

The dimensions of the template were in accordance with simulation number 38 and it was made 

from 080A15 steel cut into the desired shape by a wire-cut electrical discharge machine. The 

scheme of the template is shown in Figure 43. The photo of the template is shown at Figure 44, 

A. 

 

 

 

 

 

 

 
 
Figure 43. The scheme of the magnetic steel template side (left) and top view (right). The dimensions are 
in mm. 
 
 
 
 
 
 

Table 14 (continued). 
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3) Holder fabrication 

A holder was made in order to secure the sample, template and magnet as well as protect them 

from the electroless plating solution. The set-up of the magnet, template and substrate and how 

it was positioned in the holder are presented at Figure 44, B. The scheme of the holder (Figure 

44, C) is presented at Figure 45. A polyether ether ketone (PEEK) holder and screws were used. 

PEEK is resistant to reaction with the formaldehyde and NaOH solutions at elevated 

temperatures [162]. The o-rings were made from ethylene propylene diene monomer rubber 

which also has excellent resistance to reaction with the formaldehyde and NaOH solutions [163].  

After the experiments the holder was etched using a mixture of 3% H2SO4 and 3% H2O2 solutions 

until the Cu was entirely removed. The holder was then washed by RO water and dried in the 

air. 

The holder was positioned in the solution according to Figure 44, D. Agitation was provided via 

mechanical stirring. 

 

 

 

 

 

 

 

 

 

 

 

Figure 44. Photographs of A – magnetic template, B – magnet, magnetic template and substrate 
assembled together, C – the holder with magnet, magnetic template and substrate inside, D - the 
electroless plating set-up with holder placed inside. 
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Figure 45. Drawing of the holder from the side (left) and from top (right). The set-up of magnet, template 

and the substrate depicted inside the holder. 
 

4) Substrate pre-treatment 

In order to pre-treat the laminate surface the ‘swell-and etch’ approach was used. First, the 

substrate was placed in ethylene glycol pre-heated to 80 oC for 10 min. Ethylene glycol softened 

the polymer so the substrate is “swelled”. After rinsing in water for 2 min, the substrate was 

then placed in 80 oC 75 g/dm3 KMnO4 and 40 g/dm3 NaOH solution for 20 min. The potassium 

permanganate selectively etched the surface. Subsequently, the substrate was placed in a 

solution containing 3% by volume of both 98% H2SO4 and 37% H2O2 in order to neutralise the 

KMnO4 on the substrate surface. Then, the substrates were rinsed in RO water for 5 min and 

dried in the air. 

2.6 Selective electroless plating under the magnetic field influence 

First the experiments were performed using the single magnet configuration (Figure 41). All 

obtained catalysts were tested after 5 min ultrasonication, 30 min ultrasonication and 30 min 

ultrasonication with subsequent filtration. The experiment plan including catalyst deposition 

time is shown in Figure 46.  

The catalysts which showed the best performance (where Cu plating was obtained) were tested 

by using the second configuration, with the magnetic template. The choice of ultrasonication 

treatment applied to the catalysts was based on previous performance. S5 catalyst was 

ultrasonicated for 30 min with subsequent filtration while the S4-based catalysts were simply 
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ultrasonicated for 30 min. Catalyst S4 was also dispersed in a solution with pH2 (in 0.01 M HCl 

solution) for 30 min without filtration. S1-3 catalyst was ultrasonicated for 5 min before 

deposition. 

Figure 46. The scheme of the experiments performed on catalyst dispersion and catalyst deposition. The 
magnetic set-ups correspond to the set-ups described in section 2.5 of the current Chapter. 
 

2.7 Characterisation 

● Scanning electron microscopy and energy-dispersive X-Ray spectroscopy 

1) Analysis of nanoparticle size and composition 

A Sigma 500 VP scanning electron microscope with an X-MaxN 80 Oxford Instruments silicon 

drift detector fitted in the SEM (EDX) were used to characterise the size and composition of the 

synthesised magnetic catalyst nanoparticles respectively. The SEM was operated by using a 

secondary electron (SE2) detector in order to collect the element distribution information prior 

to EDX analysis. The EDX operated in the mapping regime in order to obtain the element 

distribution across samples. The EDX was performed at an accelerating voltage of 10 V and a 

working distance 10 mm. 

The samples were prepared according to the following procedure: 
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Analysed material in the amount 0.005 g was dispersed in 10 ml RO water by ultrasonication for 

5 min. Then, 2 drops of obtained solution were dropped onto the carbon tape attached to the 

aluminium stub and left to dry overnight in an oven at 50 oC. After drying, the sample was 

inserted into the SEM and analysed. 

The obtained images from SEM were evaluated using ImageJ software in order to calculate the 

average particle size and distribution. The diameter of 100 particles was measured per image, 

with at least 5 different images evaluated per sample. Then the average diameter and 

standard deviation were calculated. 

2) Analysis of distribution of the catalyst deposited on epoxy substrate and morphology of 

electroless plated Cu film on the epoxy substrate. 

The epoxy substrate with deposited catalyst and electroless Cu were analysed after deposition 

with magnet alone or with template and magnet. In some cases, the samples were not entirely 

conductive and the deposited particles and Cu layer sometimes had low adhesion to the 

substrate. Therefore, the following procedure was performed for sample preparation. 

First, both sides of the samples were sputter-coated with Au/Pd target 80/20 ratio by using a 

SC7640 Sputter coater, Polaron at a current of 15 mA for 60 sec to ensure conductivity to the 

samples. Then, the substrate was placed on the pin stub with attached carbon tape. Before 

analysis, and to ensure the adhesion of the particles to the substrate, all samples were blown 

with compressed air using an Air Duster.  

● Transmission electron microscopy 

TEM was used to image the Fe3O4 nanoparticles. This equipment allows for higher resolution 

analysis of samples of nanometer size. 

A JEM-2100 Plus Electron microscope was used to conduct the measurements. Analysed 

particles (0.001 g) were dispersed in 2 ml ethanol by ultrasonication for 5 min. The dispersion 

was dropped on a Holey Carbon grid, 200 µm mesh, (Agar scientific) and allowed to dry. Then 

the sample was analysed. 

● X-Ray diffractometry 

PANalytical X-Ray Diffractometer was used in order to confirm the crystal structure of the 

synthesised nanoparticles. Nanoparticles were thoroughly ground by pestle and mortar and 
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placed in the sample holder and analysed. The measurement angle (2Θ) was from 10 to 80 o. 

The scan was collected at the step 0.02 o. 

● Magnetic properties evaluation  

First, the ability of the nanoparticles to be attracted by the magnet was evaluated by placing the 

magnet near the vial with nanoparticles. Magnetic nanoparticles attract to the magnet as shown 

in Figure 47. 

 

Figure 47. Test of the magnetic properties of nanoparticles, A – tested particles as stored in a vial, B – 
tested particles attracted to the magnet placed near the vial. 

 

If the particles were attracted to the magnet, then they were further evaluated by vibrating 

sample magnetometry (VSM). A sample of known mass was placed in the sample holder (silicon 

capsule) and measured on a MicroSence Vibrating Sample magnetometer at the following 

magnetic field -20000 Oe to +20000 Oe with steps: 500 (from 20000 to 2000 and from -2000 to 

-20000); 50 (from -2000 to -200 and from 200 to 2000) and 10 (from -200 to 200). 

The obtained results were normalized per gram of sample. 

● Cyclic voltammetry (CV) 

The catalytic activity of obtained material toward formaldehyde oxidation is can be 

characterised by CV. In order to determine whether the chosen material is catalytic, a working 

electrode composed of the catalytic material is used [26,32,40]. If nanoparticles are investigated 

then the inert electrode needs to be functionalized [46,64,65].  In this study, the particles could 

not be deposited by dip-coating because they did not have any adhesion to the surface. 
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Attraction of the particles by the magnetic force to the electrode surface also was not possible 

as the magnetic field interacts with the electric field and the technique is based on current flow 

measurement so the magnetic field might interfere with results. Therefore, the drop coating 

approach was chosen. In order to secure particles in place, Nafion is often used [49,65,164,165] 

which polymerizes on the surface and immobilizes the particles. However, Nafion can affect the 

measurements – it can reduce conductivity [166]. This could result in particles, which by 

electroless Cu plating experiments would show catalytic activity, showing a very low current for 

formaldehyde oxidation. Therefore, it was decided to conduct the experiments without Nafion. 

In order to achieve reproducibility further factors were controlled: 

• The concentration of the particles in dispersion (g/l). 

• The volume of the dispersion dropped onto the electrode and the area covered by the 

drop. 

• The duration of the dispersion of the particles by ultrasonication was the same for all 

samples. 

• Freshly dispersed samples were always used. 

The experiment was performed using an Analytic radiometer PST050, VoltaLab potentiometer. 

A three electrode set-up was used: the reference electrode was Ag/AgCl; the counter electrode 

– platinum 1 cm2 sheet and the working electrode glassy carbon 0.07 cm2. The measurements 

were performed at the sweep rate 50 mV/sec. 

The working electrode was modified by previously synthesised nanoparticles:  

Analysed nanoparticles in the amount 0.005 g were dispersed in 1.5 ml water (S3; S4; S5) or 

isopropanol (S1 and S2 based composites) by 30 sec ultrasonication. Then, 5 μl of dispersion was 

dropped onto the carbon surface in such a way that the drop covered the entire surface of the 

carbon but did not spread onto the plastic part of the electrode. Then the electrode was dried 

in air (if isopropanol dispersion was used) or in the oven at 40 oC until dry (if water dispersion 

was used). Then the measurements were conducted. 

The electrolytes used for the measurements were: 3.33 g/l NaOH solution - in order to obtain 

the background current and 3.33 g/l NaOH and 0.1 M formaldehyde solution for measurements 

of formaldehyde oxidation. The measurements were conducted at room temperature. 
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● Dynamic light scattering (DLS)  

The hydrodynamic particle size was characterised using a Zetasizer Nano S, Malvern Panalytical. 

Disposable polymethyl methacrylate cuvettes with a path length of 10 mm. An aliquot of freshly 

prepared dispersion was placed in the cuvette and analysed at 25 oC. Each measurement was 

repeated 5 times.  

● Stability characterisation 

Dispersions of 0.025 g nanoparticles in 100 ml RO water were made by 30 min ultrasonication 

and subsequent filtration. Then the beaker was covered by Parafilm and left untouched. Digital 

photos of the dispersions were made as follows: as prepared, after 10 min, 30 min, 60 min and 

24 hours. 

● Magnetic strength measurements 

The distribution of the magnetic flux density across the substrate surface was measured by a 

Hirst GM07 gaussmeter. The tip was placed at the surface of the substrate perpendicular to the 

surface and the value of Bz (magnetic flux density component) was recorded. 

● White light interferometry 

In order to estimate the effect of the magnetic field on the deposited film thickness and 

roughness, a ContourGT, Bruker white light interferometer was used. Samples with no magnetic 

influence were measured at 3 different spots in order to estimate the area roughness. The 

samples with an applied gradient magnetic field were measured 3 times each at the area with 

maximum magnetic field influence and at the area with minimum magnetic field influence. The 

measurements were made at a magnification of 20 X with a measuring speed of 1 X.  

● Optical microscopy 

A Leica Microsystems S6D Stereozoom Microscope and Omnimet software was used to make 

images at magnification 2x and 4x. 

• Resistance 

In order to check whether deposited film was conductive an ISO-tech IDM91E digital multimeter 

was used. Test leads were placed at opposite edges of the deposit (10 mm distance between 

each other) and resistance was measured.  
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• Adhesion testing 

The adhesion of the deposited copper layer was tested using the cross cut adhesion test kit 

CC2000. A cutter with 1 mm spacing SP 1702 was used. The cutting was done in two directions 

perpendicular to each other. Then the adhesion tape was placed on the cut region and pulled 

after 1 min. 

• Inductively coupled plasma optical emission spectrometry 

This technique was used to identify the overall composition of the synthesised magnetic 

nanoparticles. An Optima 8300, PerkinElmer optical emission spectroscope was used for the 

measurements. The particles (0.002 g) were mixed with 10 ml of concentrated HNO3 (70%), ACS 

grade. The mixture was ultrasonicated for 5 min to allow quicker particles dissolution. The 

sample was left for 1-2 days until completely clear, which indicates that the particles entirely 

dissolved. Then the solution volume was made up to 100 ml by mixing with RO water.  

In addition, ICP was used for analysis of metal concentration in dispersions. The dispersion (0.5 

ml) was collected and mixed with 1 ml 70% HNO3. The dispersion was ultrasonicated and left 

until dissolved. Then the solution was made up to 10 ml with RO water. 

The standard solution was made in 7% HNO3 in order to match the analysed samples. The 

concentration of the metals in the analysed samples was calculated as 2 mg/100 ml (i.e. 20 ppm). 

Therefore, the following Ag and Fe concentration standards were made: blank, 1 ppm, 5 ppm, 

10 ppm, 15 ppm, 20 ppm (Figure 48). 

 

Figure 48. The standard curves of Ag and Fe ions for ICP analysis. 
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2.8 Conclusion 

In order to achieve selective metallisation by applying a gradient magnetic field, the following 

changes were made to the standard process of electroless Cu plating (Figure 49): 

• The 3 mm substrate was replaced by a thinner 0.41 mm substrate; 

• The template and holder were made. The substrate was placed in the holder with the 

template and magnet prior to the catalyst deposition; 

• A novel magnetic catalyst was synthesised and dispersed in water by ultrasonication. 

The catalyst dispersion was filtered before deposition. 

 

 

 

 

 

 

 

 

Figure 49. The scheme of the process of the selective metallisation by applying the magnetic field. 
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Chapter 3. Preliminary study: the effect of a gradient magnetic field on 

Pd/Sn catalyst deposition and electroless copper plating processes 
3.1 Introduction  

Electroless deposition in a magnetic field has been investigated by several research groups 

[81,83–85,167–169]. The magnetic field affected layer roughness, morphology, density and 

thickness. These works were mainly performed in electrolytes containing magnetic species such 

as Ni and Co.  

A number of groups achieved patterned deposits by electrochemical plating under application 

of a gradient magnetic field  [79,86,97,99,103–105]. However, similar work has not been 

performed during electroless plating, as was discussed earlier in the literature review. 

In the present Chapter, the effect of a gradient magnetic field on catalyst deposition and 

electroless plating was investigated.  Electroless Cu baths from basic solutions were studied. The 

choice of the electroless copper plating bath was based on the following considerations [22]: 

1) Electroless copper plating is widely used in industry, mainly in electronics;  

2) Often, selective electroless copper plating is required, hence the patterning of it during 

deposition has potential applications; 

The choice of substrate was carefully considered. Electroless copper plating is usually used for 

metallisation of non-conductive material, e.g. plastic and fabrics, which cannot be magnetised.  

Non-conductive substrates require catalyst deposition prior to the electroless metal plating [6]. 

The catalyst activates the reaction of formaldehyde oxidation.  

2𝐻𝐶𝐻𝑂 + 4𝑂𝐻− → 2𝐻𝐶𝑂𝑂− + 𝐻2 + 2𝐻2𝑂 + 2𝑒− (51) 

The electrons released during this reaction interact with Cu2+ ion and Cu0 deposits onto the 

substrate. 

𝐶𝑢2+ + 2𝑒− → 𝐶𝑢0 (52) 

Pd/Sn catalyst is commonly used to initiate electroless copper plating in industry. Both Pd and 

Sn have low magnetic susceptibility and cannot be attracted by a magnetic field [88].  

The gradient magnetic field was achieved by placing the magnet behind the substrate. The side 

of the magnet with dimensions of 10x10 mm was placed on the substrate side. The substrate 

itself has dimensions of 30x30 mm, so the magnetic field was not evenly distributed across the 

substrate surface and a gradient magnetic field was achieved. 
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The main goal of this chapter was to investigate the possibility of patterning of the electroless 

deposition by applying a gradient magnetic field and to study the effect of the gradient magnetic 

field on deposit parameters such as roughness and morphology. 

3.2 Deposition of electroless copper on epoxy substrate with and without magnetic field 

application 

The magnetic field across the substrate surface was measured by a magnetometer as described 

in the Methodology chapter. The following distribution of the magnetic flux density was 

obtained according to the measurements (Figure 50): 

 

Figure 50. Distribution of the magnetic flux density across the substrate surface. The dotted area is where 
the magnet was placed behind the substrate. 

 

It is clear from this that the magnetic flux density is not uniform across the sample surface and 

a gradient of magnetic field influence was achieved. 

In order to investigate the effect of a gradient magnetic field on the electroless copper plating 

process, depositions with and without the attached magnet were performed. Both experiments 

were performed following a commercially developed procedure as detailed in the Methodology 

chapter. The surface was examined by eye, and no visible patterning effect resulting from the 

gradient magnetic field was observed (Figure 51, A, Figure 52, A).  

 

 

 

 
 
 
 
 
Figure 51. The electroless Cu deposit obtained without magnetic field application. A – the digital photo of 
the deposit surface; white-light interferometry measurements result: B – surface map; C - profile of the 
surface. 
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Figure 52. The electroless Cu deposit obtained during magnetic field application. A – digital photo of the 
deposit surface; white-light interferometry measurements result: B – surface map; C - profile of the 
surface. 

 

White-light interferometry was conducted on the samples in order to investigate changes in the 

thickness of the deposited layer. Neither the profile of the surface nor the surface map showed 

any difference in the layer thickness between the centre of the substrate and the substrate sides 

for both studied depositions. 

3.3 Discussion 

The goal of the preliminary study was to determine whether the magnetic field has a patterning 

effect on the electroless Cu plating process. The obtained plating was continuous after both 

depositions with and without the magnetic field.  

According to previously reported work [84] electroless plating can be suppressed in strong 

magnetic fields (5 T). In the present work, no effect of magnetic field on the Cu plating was 

observed though the rate of the reaction was not measured as it was not a goal of the study. 

The applied magnetic field was weaker than in the previously reported work [84] and the 

maximum measured value of the flux density on the substrate surface was 120 mT.  

Patterned Cu deposition through application of a gradient magnetic field was achieved during 

the electrodeposition process in previously reported works [86,96]. In addition, convection was 

improved by the magnetic field application during immersion plating of Cu. The observed effects 

in both types of experiment were due to interaction of Cu2+ ions with the magnetic field. 

However, in electroless plating solutions the Cu ions exists mainly in the complexed form, and 

therefore they do not have unpaired electrons like Cu2+. This explains why the gradient magnetic 

field had no visible effect on the electroless Cu plating.  
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During the copper reduction reaction in electroless plating Cu[EDTA] complexes decomplex and 

Cu2+ ions are present in the electrolyte. Therefore, potential effects of a gradient magnetic field 

on electroless plating cannot be entirely ruled out, though stronger magnetic fields should be 

applied in order for the effects to be observed. 

This research is different from previous work [84] in that plating on non-conductive material was 

investigated, which required catalyst deposition before electroless Cu deposition. The magnetic 

field was applied during both the catalyst deposition and electroless Cu plating stages. There has 

been no work published investigating the influence of a gradient magnetic field on Pd/Sn catalyst 

deposition.  

The works which investigated the methods of selective electroless Cu plating showed that 

selective deposition of catalyst leads to the selective deposition of Cu. In the present work, 

electroless Cu deposited across the whole substrate surface. Therefore, it can be concluded that 

the deposited Pd/Sn covered the whole substrate surface and that there is no patterning effect 

by a gradient magnetic field on Pd/Sn catalyst deposition. 

The absence of the patterning effect is due to the low values of magnetic susceptibility of all 

involved species: Cu, Pd and Sn. Significant effects of the magnet on the electroless plating 

process were previously observed only when plating involved ferromagnetic species like Ni or 

Co, although these did not result in selective metallisation.  

Thus, the gradient magnetic field with a maximum magnetic flux density 120 mT does not have 

an effect on the patterning of Pd/Sn deposition and subsequent electroless Cu plating. In order 

to achieve this effect, either a stronger magnetic field or ferromagnetic species should be 

investigated. 
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Chapter 4. Synthesis and characterisation of a magnetic catalyst 
 4.1 Introduction 

According to the results obtained in Chapter 3, copper cannot be deposited selectively by 

application of a gradient magnetic field in the electroless process due to the absence of 

ferromagnetic species in the electrolyte and catalyst solutions. Therefore, modifications of the 

electroless plating or pre-treatment processes are required.  

Modification of the electroless plating electrolyte was not considered feasible. It would require 

introduction of ferromagnetic species to the electrolyte, which can cause changes in the reaction 

mechanism and also co-deposition of introduced species. This could potentially alter the 

properties of the deposited layer which has been avoided in the present work.  

The catalyst deposition procedure prior to the electroless plating process was considered for 

modification. The catalyst can be in the ionic [170] or nanoparticle [14] form. The interaction of 

the ions with the magnetic field is negligible unless an electron current is involved in the process 

[87].The nanoparticles have much stronger interaction with the magnetic field because they 

consist of several atoms and the interaction with the magnetic field involves all the unpaired 

electrons in the atoms. Some works have shown that ferromagnetic nanoparticles can be 

deposited in patterns by using a gradient magnetic field [109,111,112,171,172]. Therefore, 

nanoparticle catalysts were considered. 

The most investigated nanoparticle catalysts for electroless Cu plating are Pd, Ag, Cu, Au and 

none of them are ferromagnetic. The ferromagnetic metals Fe, Co and Ni [173] also can be the 

catalysts for formaldehyde oxidation, however there has been minimal research in this area. 

Ohno [29] showed that formaldehyde oxidation starts on Ni and Co at higher potentials than for 

precious metals. This means that the system needs higher energy to start the deposition process. 

Also Fe, Ni and Co are oxidised in the air and have an oxide layer on the surface which can supress 

the catalytic activity of the particles. If these metals are used for catalysing formaldehyde 

oxidation then they should be used immediately after formation. 

Another challenge is that the Fe, Ni and Co are more reactive than Cu according to the metal 

activity series. According to Bindra, Cu is present in the electroless plating solution in the non-

complexed form and therefore can potentially immersion plate Fe, Co and Ni surfaces [174].  

In order to avoid degradation of catalytic properties and immersion plating, composite materials 

were considered as the possible catalyst for the electroless Cu plating process. Composite 
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nanoparticles consist of two or more materials, the properties of which combine in the final 

composite. Composite nanoparticles can consist of material with magnetic properties and 

material with catalytic properties so the composite particles will possess both. Numerous 

combinations of Fe, Co, Ni and their oxides and alloys with Cu, Ag, Au, Pt, Pd and their alloys can 

be investigated as potential catalysts with magnetic properties for electroless plating. In the 

present work the combination of Fe3O4 and Ag as a possible magnetic catalyst for electroless 

plating was chosen. 

Magnetite (Fe3O4) is a commonly used magnetic material. There are a range of synthesis 

methods of these nanoparticles, some of which are relatively simple and are conducted at room 

temperature and normal atmospheric pressure. These particles have a relatively high 

magnetisation saturation value (93 emu/g). 

Silver (Ag) is often considered as a cheaper alternative to the Pd catalyst for formaldehyde 

oxidation and a range of works are dedicated to possible synthesis methods and catalytic activity 

investigation [41,46,62,64,68,175,176]. Also there are a range of syntheses of Ag nanoparticle 

reported that are simple and cheap. 

The methods of Fe3O4-Ag composite nanoparticles synthesis were also reported previously and 

range from a “green” synthesis (e.g. with the use of an amino acid at room temperature) to high 

temperature high pressure methods with use of toxic organic compounds.  

The method of synthesis was limited by the following criteria: 

1) The amount of toxic reagents used should be minimised in keeping with one aim of this 

research which is to develop a more environmentally-friendly alternative to existing 

patterning methods, which includes a decrease in hazardous waste;  

2)  The procedure should allow high yield and be economically viable; this implies the 

restriction of use of organic solvents. The temperature of the synthesis should be 

relatively low and the pressure preferably atmospheric in order to decrease the cost of 

production. Therefore the choice was limited to water-based low temperature synthesis 

procedures; 

3) The synthesised particles should have both catalytic and magnetic properties. There are 

a number of water-based synthesis routes of Fe3O4 – Ag composite particles, most of 

which involve the use of the surfactants or stabilizers [177], which bind to the particle 
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surface of the obtained composite material. However, this has been reported to affect 

the catalytic properties of the composite in the electroless copper plating process [178].  

Most of the composite nanoparticles were synthesised by reduction of the shell precursor in the 

presence of the formed core particles [177]. The chosen method is based on the synthesis 

described in works [124,132].  In the chosen procedure the Fe3O4 nanoparticles were 

synthesised first by the modified Massaart method as described in Chapter 2.3. After synthesis 

the particles were washed, dried and re-dispersed in water. Then, Ag was reduced in the 

presence of Fe3O4 by NaBH4.  

The Fe3O4 synthesis was chosen without FeCl3 atoms in order to eliminate Cl presence to avoid 

possible interaction of Cl- ions with Ag+. However, particles synthesised with only the FeSO4 

precursor are usually reported [72] to have a larger size than the those synthesised from mix of 

Fe2+ and Fe3+ ions. Therefore, synthesis on the spinning disc reactor was used in order to reduce 

the particle size without the use of surface functionalisation.  

4.2 Synthesis of iron oxide nanoparticles 

4.2.1. Synthesis procedure 

Two procedures were used for the iron oxide nanoparticle synthesis:  

1. The precursors were mixed in the beaker by magnetic stirrer; the base solution (25% 

NH4OH) supplied by dropwise addition; particles were allowed to grow for 1 h. (S1) 

2. The precursors were mixed on the spinning disc; the base solution was supplied by 

continuous pumping on the disc; particles were allowed to grow for 1 h. (S2) 

During both syntheses the solutions turned dark green straight after NH4OH addition and turned 

black after 10 min of mixing (Figure 53). 

After the synthesis, particles were separated by a magnet placed on the bottom of the beaker 

and washed several times. After filtration and drying, particles were ground and collected. S1 

particles had a black colour whilst S2 particles turned brown after grinding. 
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Figure 53. Digital image of the beaker during synthesis S1. A – 30 sec after base solution addition, B – 10 
min after base solution addition. 

 

4.2.2 Particle size 

Images of the synthesised iron oxide particles were obtained by TEM (Figure 54). The S1 particles 

were larger with a higher size distribution, with an average particle diameter of 63 ± 23 nm. The 

S2 particles had a narrower size distribution and a smaller particle diameter of 11 ± 6 nm. 

 

 

 

 

 

 

 

 
 
 
Figure 54. TEM images of synthesised iron oxide particles: A – S1, B – S2. 
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4.2.3 Particle structure 

The crystal structure of the particles was analysed by XRD (Figure 55). Peaks at 2Θ = 18.333, 

30.158, 35.522, 43.173, 53.563, 57.1, 62.704 o were observed for both S1 and S2 particles and 

were attributed to magnetite Fe3O4 formation (ref. code Fe3O4: 01-088-0315). 

 

Figure 55. XRD spectrum of iron oxide nanoparticles synthesised by different procedures: S1 (top) and S2 
(bottom).  

 

4.2.4 Magnetic properties 

Preliminary tests were performed in order to prove that the synthesised particles were magnetic 

by the placing the magnet close to the vial with the nanoparticles. All particles were attracted 

by the magnet. 

Vibrating magnetometry was used for measurement of the magnetic properties of the particles 

(Figure 56). The magnetic saturation values were 75 emu/g (S1) and 68 emu/g (S2) (Figure 56, 

A). Both particles showed a ferromagnetic-type response. According to Figure 56, B, material S1 

has a hysteresis loop of 88 Oe, while the S2 hysteresis loop is 5 Oe. This indicated that the S1 

nanoparticles are ferromagnetic and can maintain magnetisation, while the S2 particles are 

superparamagnetic. 
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Figure 56. Vibrating sample magnetometry (VSM) measurements of iron oxide nanoparticles S1 and S2. A 
– magnetisation curve, B – hysteresis loop of the magnetization curve. 

 

4.2.5 Catalytic properties 

Catalytic activity towards formaldehyde oxidation was evaluated by CV. The scan started at -700 

mV and the potential was increased up to 200 mV, then the scan continued in the opposite 

direction until -700 mV was reached again. 

CV measurements of the S1 and S2 nanoparticles did not reveal any rise in oxidation current 

between -700 mV and 200 mV, where the typical oxidation peak is observed for the majority of 

metals that are able to catalyse formaldehyde oxidation (Figure 57). In addition, no reduction 

peak was observed. 

 

Figure 57. CV measurements of synthesised iron oxides in formaldehyde solution at room temperature. 
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4.2.6 Discussion 

Both kinds of obtained iron oxide nanoparticles showed the ability to be attracted by the 

magnetic field, which is one of the two main properties required. The particles have similar 

crystal structure to Fe3O4 according to the XRD results but did not show any catalytic activity 

towards formaldehyde oxidation according to the CV measurements. However, the size of the 

nanoparticles and their magnetic behaviour is different. 

Both synthesis procedures were based on the same chemical reaction of FeSO4 and NH4OH, the 

suggested mechanism of which is [118,119]: 

𝐹𝑒2+ + 2𝑂𝐻− → 𝐹𝑒(𝑂𝐻)2 (52) 

3𝐹𝑒(𝑂𝐻)2 +
1

2
𝑂2 → 𝐹𝑒(𝑂𝐻)2 + 2𝐹𝑒𝑂𝑂𝐻 + 𝐻2𝑂 (53) 

𝐹𝑒(𝑂𝐻)2 + 2𝐹𝑒𝑂𝑂𝐻 → 𝐹𝑒3𝑂4 + 2𝐻2𝑂 (54) 

Synthesis of Fe3O4 from Fe2+ ions proceeds through intermediates Fe(OH)2 and FeOOH 

formation, which can explain the green colour of solution after base addition [72,179].  The 

reaction of Fe3O4 formation proceeds at a basic pH. However the hydrolysis and oxidation of the 

Fe2+ ions causes H+
 formation which decreases the pH of the solution and the rate of reaction 

[114]: 

4𝐹𝑒2+ + 𝐻2𝑂 + 𝑂2 → 4𝐹𝑒𝑂𝑂𝐻 + 8𝐻+ (55) 

In order to ensure Fe3O4 formation, continuous base supply was provided by dropwise addition 

of base to the Fe salt solution (S1) and by the continuous pumping of the ammonium solution 

and the iron salt on the spinning disc (S2). If an insufficient amount of base is provided the 

product of the reaction will consist of non-magnetic species such as Fe(OH)2 (“green rust”) and 

γ-FeOOH (lepidocrocite)[179,180]. 

When Fe2+ and Fe3+ precursor salts are used for synthesis, the procedure should be conducted 

in a N2 atmosphere to avoid oxidation of Fe2+ to Fe3+ and formation of maghemite [114,179–

182]. In the present work both syntheses were conducted in the air. As the only precursor salt 

used was Fe2+, further oxidation of part of the Fe2+ to Fe3+ was required and was achieved by 

oxygen dissolved from the air (55).  

Magnetite can oxidise in the presence of oxygen to the maghemite (γ-Fe2O3). Because 

maghemite has ferromagnetic properties similar to magnetite [179], the oxidation of the 

particles is not critical for the current work. Also, annealing for 2 hours at 250 oC is required in 

order to achieve full transformation of the magnetite to maghemite when the rate of oxidation 
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in the air is relatively small. Therefore, the particles were dried on the air and were stored 

without atmosphere control. 

The synthesised S1 and S2 iron oxide particles showed a difference in particles size such that the 

particles obtained by spinning disc have a much smaller diameter (Figure 54). The main 

difference between the two synthesis procedures is the method of reagent mixing. Dropwise 

addition of base causes inhomogeneity in the pH of the bulk solution. First, in the region of high 

pH Fe(OH)2 is formed, then the pH decreases due to solution stirring and lepidocrocite (FeOOH) 

is formed [180]. Due to interaction between FeOOH and Fe2+ ions magnetite is formed. Small 

magnetite particles then recrystallise to form larger crystals [179,183]. 

When the spinning disc reaction is used the mixing intensifies, with the solution forming a thin 

film on the surface of the spinning disc [147,184]. This technique allows maintenance of a 

constant ratio of reacting species through simultaneous separate supply of Fe2+ and NH4OH 

solutions, which avoids inhomogeneity in the pH of the solution. Moreover, the supply of oxygen 

is intensified due to larger surface exposure to the air. Oxygen is one of the reactants which 

allows Fe3O4 formation and when the supply of oxygen is intensified smaller particles are usually 

formed [183].   

A similar particle size could be also achieved by using different Fe salts (e.g. mixture of the FeCl3 

and FeCl2 instead of FeSO4 [72,185–187]), bases (e.g. NaOH or ethylene glycol [72,188]), or by 

using stabilizers which will supress particle growth [185,188]. However, a change of the reaction 

precursors not only affects the particle size but also the zeta potential, magnetic properties and 

crystallinity [114,179]. For this reason, only the method of solution agitation was varied. 

In order to confirm the crystal structure of the obtained iron oxides, XRD analysis was conducted. 

According to the results (Figure 55), both of the obtained oxides had a magnetite structure. It 

should be noted that the crystal structure of magnetite and maghemite are very similar and as 

a result the X-Ray diffraction peak pattern is also very similar [114,179]. 

The typical colour of Fe3O4 is black, whilst a brown colour is observed in Fe2O3 particles 

[114,179]. S1 nanoparticles did not change from a black colour even after storage for several 

months, while S2 nanoparticles changed to brown straight after grinding. The surface of S2 

particles could have been oxidised in the air to Fe2O3, however due to the presence of both 

crystal structures and their similar XRD patterns the presence of Fe2O3 was not discernible. 
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According to the XRD measurements (Figure 55), S2 particles had a broader peak than S1, which 

usually indicates lower crystallinity of the sample which could be caused by excessive oxygen 

supply [183].  

Both S1 and S2 particles were attracted by the magnet as expected. There are only two iron 

oxides which have ferromagnetic properties – maghemite and magnetite [179]. Therefore, this 

indicates that one of those oxides was obtained. The magnetic properties of the particles varied 

(Figure 56). S1 had a higher magnetisation (75 emu/g) compared to S2 (65 emu/g), though both 

materials show similar values to those reported previously [114,179,189–191]. Magnetisation 

of nanoparticles depends significantly on the size of the particles - the more domains that are 

oriented in the same direction the stronger the interaction with the magnetic field will be. 

Therefore smaller particles show smaller magnetisation values compared to larger particles with 

similar composition [191]. Also S1 particles had a hysteresis loop which is typically seen in Fe3O4 

particles of similar size and indicates the ability to maintain magnetisation. S2 particles had a 

much narrower hysteresis loop and show almost superferromagnetic behaviour, which can 

again be attributed to the small particle size [114,179]. At later stages of the experiments the 

particles will be subjected to a static permanent magnetic field therefore the ability to maintain 

the magnetisation is not expected to have an effect on the experimental results.  

Catalytic activity of the particles was evaluated by CV experiments (Figure 57). Neither S1 nor S2 

particles showed any activity towards formaldehyde oxidation. Usually noble metals 

[2,53,54,62,68] or Cu [59,192,193] can act as the catalyst for electroless copper plating and it 

was reported that oxide film formation on the surfaces of non-noble metals can supress their 

catalytic properties [31]. 

Thus, two types of magnetic nanoparticle for a novel catalyst were obtained with an average 

size of 63 and 11 nm for S1 and S2, respectively. Both particles types showed ferromagnetic 

properties and had no catalytic activity, meaning further modifications are required in order to 

obtain catalytic properties towards formaldehyde oxidation. 
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4.3 Composite particle formation with S1 magnetite nanoparticles 

4.3.1 Introduction 

First, the synthesis of composite Fe3O4-Ag nanoparticles was attempted with larger magnetic 

nanoparticles from S1. The idea behind this synthesis was to deposit Ag in the presence of Fe3O4. 

A Ag precursor was used at low concentrations in order to prevent formation of large particles. 

Ideally, formation of a core-shell structure is preferable for the present research in order for the 

surface of the particles to be formed of only Ag, as it is Ag that catalyses formaldehyde oxidation. 

However, the formation of core-shell particles is usually achieved by particle surface 

functionalization, which will not be a part of the present section of this chapter. Nevertheless, 

calculations were made for the ideal situation of Ag being reduced on the surface of Fe3O4 

particles (Chapter 2.3.2). 

In short, the following equation was derived (repeated here for convenience): 

ℎ = 0.164
𝑚(𝐴𝑔𝑁𝑂3) ∗ 𝑟(𝐹𝑒3𝑂4)

𝑚(𝐹𝑒3𝑂4)
 

(50) 

According to the equation (50), a 1.46 nm thick shell of Ag can be obtained if 0.6 g of Fe3O4 

nanoparticles with radius 31.5 nm are used for synthesis and 0.17 g of AgNO3 is reduced on the 

surface of the Fe3O4 nanoparticles (Table 15).  

In order to improve the catalytic properties of the particles, the amount of Ag per gram of 

synthesised material was increased by a) decreasing the amount of Fe3O4 in the synthesis (S1 – 

2 and S1 – 3) or b) increasing the AgNO3 concentration in the synthesis (S1 – 4) (Table 15). 

Alternative composite nanoparticles were synthesised with smaller Fe3O4 nanoparticles from S2 

synthesised by using the spinning disc reactor (Table 15). For comparison the same precursor 

ratios used in S1 – 3 and S1 – 4 were used. 

Table 15. The parameters of performed syntheses and calculated “shell” thickness of the core-shell 
particles formed. 

Synthesis code name Amount of Fe3O4, g Amount of AgNO3, g 

S1 – 1 0.6 0.17 

S1 – 2 0.3 0.17 

S1 – 3 0.1 0.17 

S1 – 4 0.1 1.70 

S2 – 3 0.1 0.17 

S2 – 4 0.1 1.70 
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There was a possibility of obtaining Ag particles which did not form a composite with Fe3O4. 

Therefore, the washing procedure was modified. Usually centrifugation is used for separation of 

synthesised nanoparticles from solution. In the present work magnetic separation was used 

which also helped to remove possible non-magnetic parts of the material. However, this did not 

help to remove Fe3O4 particles which did not form composites with Ag. 

4.3.2 Particles size and composition 

The distribution of Fe and Ag in the composite material was analysed by SEM/EDX (Figure 58). 

All composites showed unequal distribution of Ag across the material. According to the images, 

the brighter particles on the SEM correspond to the silver component.  

The average diameters of Ag particles in the composite measured from the SEM images by using 

ImageJ software are presented in Table 16. The average size of the Ag particles increases with 

an increase in the Ag:Fe3O4 ratio. 
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Figure 58. The results of SEM/EDX analysis of composite Fe3O4-Ag nanoparticles and the distribution of Fe 
and Ag across the analysed samples. 
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Table 16. The average diameter of Ag nanoparticles in the synthesised composites nanoparticle. 

 

According to the SEM analysis (Figure 58), the size of the Ag nanoparticles is slightly different for 

the S2-based composites compared to the S1-based composites with similar precursor loading 

(Table 16). Larger Ag particles were formed at the higher Ag concentration and finer particles at 

the smaller concentration compared with similar syntheses from S1-3 and S1-4 (Table 16). 

The amount of the Ag in synthesised nanoparticles was evaluated by ICP analysis. The 

nanoparticles were completely dissolved in acid, then ICP analysis was conducted which allows 

for determination of the concentration of the dissolved ions in the solution. The weight percent 

(w) of Ag in the sample per overall mass of all metal ions (Fe and Ag) was calculated by using the 

following equation (56) and presented in Figure 59: 

𝑤(𝐴𝑔) =
𝑚(𝐴𝑔)

𝑚(𝐴𝑔) + 𝑚(𝐹𝑒)
 

(56) 

 

Figure 59. The weight percent of Ag/Fe in the synthesised composite nanoparticles as determined by ICP.   
 
 

The amount of Ag increases with an increased ratio of AgNO3:Fe3O4 precursor for composite 

nanoparticle synthesis. The values of Ag in S2 based composites are similar to the ones obtained 

for S1 based composites and vary by less than 10%. 

Synthesis 
procedure 

S1 - 1 S1 - 2 S1 - 3 S1 – 4 S2 - 3 S2 - 4 

Size, nm 81 ± 23 89 ± 29 92 ± 28 136 ± 52 82±22 139 ± 61 
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4.3.4 Crystal structure of composite 

The structure of the obtained material was analysed by XRD (Figures 60). Analysis of the 

structure of the composite material revealed separate formation of Fe3O4 and Ag (Ref. Code Ag: 

01-087-0717). There is no evidence of the presence of AgNO3 (19.585o, 21.679o, 24.265o, 

29.645o, 32.766o, ref. Code AgNO3: 00-043-0649) or AgFeO2 (28.791o, 5.418o, 39.309o, 52.489o 

ref. Code AgFeO2: 01-075-2147). 

 

Position (2 Theta) 

Figure 60. XRD spectra of synthesised Fe3O4 (S1) and composite Fe3O4-Ag (S1 – 1, S1 – 2, S1 – 3 and S1 – 
4) nanoparticles. Circles indicate the peaks of Fe3O4 structure and rhombi indicate the peaks of Ag 
structure. 
 

The intensity of Ag peaks (at 2Θ=38.119o, 44.305o, 64.452o, 77.409o) increases between the S1-

1 and S1-4 composites, while the peaks for Fe3O4 are less noticeable though they are still present 

on the spectrum. 

The S2-based composite nanoparticles are similar and showed the formation of both Fe3O4 and 

Ag (Figure 61). 
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Figure 61. XRD spectra of synthesised Fe3O4 (S2) and composite Fe3O4-Ag (S2 – 3 and S2 – 4)  nanoparticles. 
Circles indicate the peaks of Fe3O4 structure and rhombi indicate the peaks of Ag structure. 

 

4.3.5 Magnetic properties 

The preliminary tests were performed according to section 2.5. All particles were attracted by 

the magnet.  

The magnetic properties of the Fe3O4 and Fe3O4 – Ag composites were measured by VSM (Figure 

62). The saturation magnetization values of all composites are lower than the one obtained for 

their respective precursor Fe3O4 particles and decrease with increasing AgNO3:Fe3O4 precursor 

ratio. 
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Figure 62. The magnetization curves of Fe3O4 nanoparticles and Fe3O4-Ag composite nanoparticles 
obtained by VSM measurements: S1 based composite (left) and S2 based composite (right). 
 

4.3.6 Catalytic properties 

The catalytic activity of the particles was investigated by CV. A vitreous carbon electrode was 

used as a working electrode and it was modified prior to the measurement. For a full description 

of the approach see Methodology 2.7, but briefly, a known amount of particles were dispersed 

in isopropanol by ultrasonication. A known volume of nanoparticle dispersion was dropped onto 

the surface of the vitreous carbon and allowed to dry in the air. Immediately after, the 

measurements were conducted.  A solution of 0.1 M formaldehyde and 1 M sodium hydroxide 

was used as an electrolyte, which mimics the copper plating solution, however neither EDTA nor 

Cu salt was placed in the solution. All measurements were set up at room temperature similar 

to the measurements performed in the literature [26,29,32]. The measurements were 

conducted at the 50 mV/s scan rates. The measurements started at open circuit potential and 

increased up to 200 mV, then the scan continued in the opposite direction until the open circuit 

potential was reached. 

Firstly, the measurements were conducted only in sodium hydroxide solution in order to prove 

the absence of any redox reaction present between the tested composites and sodium 

hydroxide. There were no oxidation peaks detected by the described method (Figure 63, Figure 

64). 

The results of the CV measurements in the sodium hydroxide and formaldehyde solution of 

composites particles are shown in Figures 63 and 64. The peak with highest intensity (7.5 

mA/cm2) was observed for the S1 – 4 composite. This is significantly higher than the next highest 

peak observed, which occurred in S1 – 3 (2 mA). Moreover, the observed peaks for the 
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mentioned composites are at different potentials -100 and 100 mV for S1 – 3 and S1 – 4 

respectively.  

 

 

 

 

 

 

 

 

Figure 63. The results of the CV measurements of the composites of Fe3O4-Ag in sodium hydroxide and 
formaldehyde solution. The scan started at the open circuit potential. 
 

Other composites investigated showed much lower peak intensities (90 µA for S1 - 1 and 250 μA 

for S1 – 2).  

 

Figure 64. The results of the CV measurements of composites Fe3O4-Ag S1-1 (A) and S1-2 (B) in NaOH 
solution (red) and in a solution of formaldehyde and NaOH (black). 
 

The oxidation current of the both S2 based composites are similar to S1 – 4 composite, the peaks 

are also positioned at a similar potential (Figure 65).   
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Figure 65. CV measurements of the S2 and S1 based composites in formaldehyde solution. 

4.3.7 Discussion 

The Fe3O4/AgNO3 precursor ratio in these experiments was chosen in order to maintain the 

concentration of AgNO3 solution low. It was expected that a low concentration of AgNO3 would 

allow formation of smaller sized Ag nanoparticles and avoid the generation of larger particles. 

When the concentration of AgNO3 solution was increased (S1 – 4, S2 - 4) the average diameter 

of the Ag particles also significantly increased (from 92 nm for S1 – 3 composite to 136 nm for 

the S1 – 4 composite; from 82 nm for S2 - 3 to 139 nm for S2 - 4) (Figure 58, Table 16), which 

corresponds to results obtained by other research groups for Fe3O4 - Ag composite synthesis 

[135,194]. During experiments S1 - 1, S1 – 2 and S1 – 3, in order to increase the amount of Ag in 

the composite, the amount of Fe3O4 precursors was decreased. According to the particle size 

measurements the average diameter of Ag particles increased by 10 nm. 

The surface of the Fe3O4 particles is thought to act as the site for Ag nucleation, which is 

thermodynamically more favourable than creation of new sites in the bulk solution [177]. When 

the amount of Fe3O4 nanoparticles decreased in the solution, less nucleation sites become 

available to the Ag deposition. From the same amount of Ag precursor larger amount of smaller 
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particles can be formed. This explains the smaller Ag particles diameter for the S2 – 3 composite 

compared to S1 – 3, where only the size of precursor Fe3O4 is different.  

The overall concentration of Ag was estimated by ICP (Figure 59). The concentration of Ag 

increases with the AgNO3:Fe3O4 ratio from S1 – 1 to S1 – 4 and from S2 – 3 to S2 - 4.  The particles 

were washed by using magnetic separation, so Ag which did not form a magnetic composite was 

removed from the sample during washing. High values of remaining Ag can indicate that 

composite Fe3O4-Ag nanoparticles were successfully formed. 

XRD analysis showed that both Fe3O4 and Ag particles were present in the composite material 

(Figure 60, Figure 61). According to the ICP results, the intensity of Ag peaks increased with 

increasing Ag content. The peaks corresponding to Fe3O4 are almost not present in the spectra 

of S1 – 3, S1 – 4, S2 – 3 and S2 - 4 composites. This can be explained by the significant rise in 

intensity of the Ag peaks (40000 count) which make peaks for Fe3O4 (2000 counts) less 

noticeable. 

The magnetization saturation values of the composites seem to be strongly dependant on the 

concentration of Fe3O4 in the sample (Figure 62). All magnetization saturation values of 

composites are lower than the ones obtained for the Fe3O4 which is in agreement with the 

literature [133,195–197] and can be explained by the decrease in concentration of the magnetic 

material in the sample. This is especially noticeable when samples S1 - 2 and S1 - 3 are compared. 

Those samples have the largest difference in the amount of Fe ions determined (65% and 25% 

respectively) and also have the largest difference in saturation magnetization values – (40 emu/g 

and 15 emu/g). The samples with the highest determined Ag content (S1 – 4 and S2 – 4) and 

therefore the lowest Fe content also had the lowest saturation magnetization value (12 emu/g). 

However, these samples were still attracted by the magnetic field so they meet the criteria for 

magnetic properties in further experiments. 

In order to compare the catalytic activity of the particles, the potentials of the oxidation current 

(Figure 63, Figure 64, Figure 65) at 10-4 A/cm2 were compared, similar to work by Ohno (Figure 

66). 
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Figure 66. Summary of the potentials of formaldehyde oxidation at current density of 10-4A/cm2 for the 
synthesised Fe3O4-Ag composites. 

 

The values of potential of the Cu, Ag and Pd electrodes were taken from work by Ohno [29]. The 

oxidation current density of formaldehyde in the S1 – 1 composite did not reach 10-4 A/cm2 and 

therefore was not plotted. All recorded potentials are lower than for pure Ag recorded by Ohno. 

This can be explained by the fact that composites contain non-catalytic Fe3O4 particles which 

reduces the activity per cm2 of deposited sample. The composites with larger Ag concentration 

(S1 - 3, S1 – 4, S2 – 3 and S2 -4) have significantly lower potentials of formaldehyde oxidation 

compared to the S1 – 2, which can also be explained by the higher concentration of Ag per 

sample. However, the sample with largest Ag concentration (S1 – 4, 88 % Ag) had a potential 

higher than sample S2 -3 (75% Ag). The size of Ag is different between the samples: 136 nm for 

S1 – 4 and 82 nm for S2 – 3. The smaller particles have a larger surface area which increases 

their catalytic activity. However, the potentials for S1 – 3, S1 – 4, S2 – 3 and S2 – 4 are very 

similar and lower than those recorded for Pd which is typically used as a catalyst for 

formaldehyde oxidation and therefore electroless plating.  

Despite the similar composition of Fe3O4-Ag composites the oxidation peaks vary from -100 mV 

to 100 mV for different composites. This could possibly be attributed to the difference in Ag 

particle size [198,199]. Also, the shape of the Ag particles was not controlled during the 

experiments which can also affect the position of the oxidation peak [46,65]. 

Thus, Fe3O4-Ag composite nanoparticles were obtained with different concentrations of Ag, 

which affected magnetic and catalytic properties of the material. All synthesised composites 

showed catalytic activity towards formaldehyde oxidation and were attracted by a magnetic 

field meaning they are potential novel magnetic catalysts for selective copper deposition. The 

catalysts with the highest catalytic activity S1 -3, S1 -4, S2 – 3 and S2 -4 were further tested for 

selective electroless plating. 
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4.4 Synthesis of composite nanoparticles with the use of stabilizers 

4.4.1 Introduction 

There are two types of stabilization of nanoparticles in dispersion: electrostatic and steric. 

Electrostatic stabilization can be achieved by modifying the charge on the particle surface so 

that attractive forces (Van der Waals) are compensated for by the repulsion of the charges 

(coulomb forces).  In order to achieve this, the particle surface can be functionalised via addition 

of a charged molecule [200–202]. In addition, the pH of the dispersion can be altered in order 

to achieve positive or negative charge on the required nanoparticles. 

Steric stabilization is usually achieved by functionalisation of the surface with large molecules of 

non-ionic surfactant so that the particles are separated at a distance large enough to prevent 

creation of Van-der Waals forces [200,203]. If the polymers used have a charge, then both steric 

and electrostatic interaction take place and electrosteric stabilization occurs. 

In order to achieve a stable dispersion of Fe3O4-Ag, the following stabilizers can be used; PVP 

[126,133], arginine [135], tartaric acid [138], cetrimonium bromide (CTAB) [204], trisodium 

citrate[205] etc. The stabilizers are usually introduced during or before synthesis. Often 

stabilizers can also act as reducing agents for Ag+ ions [206]. If the stabilizers are only present 

on the core particles then a shell Ag layer forms. If the stabilizers are also present in the solution 

then the reduction of Ag will also happen in the solution and composite particles will be 

obtained. However, it was reported that functionalisation of catalyst particles reduced their 

catalytic properties [178]. Functionalisation can affect the magnetic properties of the 

nanoparticles and reduce their magnetic susceptibility.  

Often, particles used for catalysis are synthesised without any further separation and washing 

[43,47,55]. The advantage of this approach is better dispersion of the particles in colloid 

dispersions i.e. particles could form agglomerates during drying which would require re-

dispersion by grinding or ultrasonication. Particles can change during storage due to absorption 

of impurities, oxidation or interaction with light. One disadvantage of this approach is that the 

products of reaction are still present in the solution and their effect on the following reactions 

should be considered. In addition, the concentration of the synthesised nanoparticles cannot be 

precisely controlled. 
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The main criteria for the choice of synthesis procedure was to have a stabilizer on the 

nanoparticle surface, which had been previously reported in the literature to not hinder catalytic 

activity towards formaldehyde oxidation. 

The procedures used were as follows: 

1) (S3) In the first procedure [133] polyvinylpyrrolidone (PVP) was used as a stabilizing 

agent. Despite some studies that suggest that PVP decreases catalytic activity, PVP is 

still often used to stabilize the catalyst for electroless plating [44,55]. There are a range 

of synthesis procedures published in which PVP is used as stabilizer during nanoparticle 

synthesis. PVP is expected to act as a steric stabilizer.  

2) (S4) The second procedure [135] used arginine as a stabilizer. Arginine was previously 

reported to stabilize the catalyst for electroless deposition [178]. Arginine adsorbed on 

the composite nanoparticles surface and acts as an electrostatic stabilizer. 

3) (S5) Sn is the most commonly used stabilizer for the catalyst in electroless plating. The 

third chosen procedure [159] used Sn2+ as a reducing agent for Ag nanoparticles and 

enabled Ag deposition on the previously obtained Fe3O4-SiO2 nanocomposites. Sn2+ also 

acts as a stabilizer due to electrostatic repulsion of ions. 

4.4.2 Particle size, composition and structure 

 

The particles obtained from the 3 different preparation methods were analysed by SEM and EDX 

(Figure 67). The EDX data for Ag and Fe distribution shows that in samples S3 and S4 independent 

Fe3O4 and Ag nanoparticles formed, while sample S5 had uniformly distributed Ag across the 

composite material. 
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Figure 67. The results of SEM and EDX analysis of particles S3 – A, S4 – B, S5 – C. 

 

ICP analysis was performed on the samples in order to analyse the amount of Ag and Fe in the 

samples (Figure 68). The Ag content between samples S3 and S5 increased from 13% to almost 

50% respectively. 
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Figure 68. Plot of mass percentage of Ag and Fe in the samples analysed by ICP. 

 

4.4.3 Crystal structure of composites 

 

The crystal structure of the particles was identified by XRD and presented at Figure 69. All 

particles have a distinctive structure of Fe3O4 (Ref. code Fe3O4: 01-088-0315) and Ag (Ref. Code 

Ag: 01-087-0717). 

 

 

 

 

 

 

 

 

Figure 69. XRD spectra of synthesised composite Fe3O4-Ag nanoparticles. Circles indicate the peaks of 
Fe3O4 structure and rhombi indicate the peaks of Ag structure.  
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4.4.3 Magnetic properties 

 

The preliminary tests were performed according to section 2.5. All particles were attracted by 

the magnet.  

The magnetisation saturation values of the particles lies between 35 emu/g and 57 emu/g 

(Figure 70). The highest magnetisation saturation was obtained for the PVP-stabilized 

nanoparticles. The value is higher than that reported from the respective article (20 emu/g) 

[133]. In the respective articles for synthesis of S4 and S5 nanocomposites the magnetic 

saturation values were not measured.  

 

Figure 70. The magnetisation curves of Fe3O4-Ag composite nanoparticles S3, S4 and S5 obtained by VSM 
measurements. 
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4.4.4 Catalytic properties 

 

The catalytic properties of the particles were evaluated in a procedure similar to that described 

for the S1 and S2-based nanoparticles. 

Particles were dispersed in water or isopropanol before dropping onto the surface of the glassy 

carbon electrode. Particles dispersed in water had much higher oxidation current densities 

(especially S3 and S4) than those dispersed in isopropanol. No oxidation peak was observed 

when CV measurements were performed in the absence of formaldehyde. All peaks were 

observed at a potential of approximately 50 mV (Figure 71). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
Figure 71. The results of the CV measurements of Fe3O4-Ag composites in a NaOH and formaldehyde 
solution: A – S3, B – S4, C – S5. 
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4.5 Discussion 

The mechanisms behind the nanoparticle synthesis procedures are varied. 

First, the S3 composite was synthesised in the presence of PVP. Polyvinylpyrrolidone (PVP) is a 

polymer which is often used in nanoparticle synthesis (including Fe3O4 and Ag) as a capping 

agent [42,44,47,53,55,204,207]. Monomers of PVP consist of 5 membered lactam and vinyl 

groups (Figure 72, A). The synthesis procedure for Fe3O4 was different to the one used in the 

previous chapter: both Fe2+ and Fe3+ ions salts were used as a precursor, therefore the reaction 

mechanism was [114]: 

𝐹𝑒2+ + 2𝐹𝑒3+ + 8𝑂𝐻− → 𝐹𝑒3𝑂4 + 4𝐻2𝑂 (57) 

PVP molecules bind with the Fe3O4 surface during the synthesis which prevents particle 

agglomeration and allows smaller particles to be obtained. According to the reported results of 

FTIR and XPS analysis [207], PVP binds to the Fe3O4 surface via the carbonyl group.  

 

 

 

Figure 72. The chemical structure of A – PVP, B – arginine. 

 

Subsequently, the ammoniacal silver was reduced by NaBH4 in the presence of Fe3O4 by the 

following reaction: 

8𝐴𝑔+ + 𝐵𝐻4
− + 8𝑂𝐻− → 8𝐴𝑔 + 𝐻2𝐵𝑂3

− + 5𝐻2𝑂 (58) 

 

Several works have reported synthesis of Ag nanoparticles in the presence of PVP [206,208,209]. 

All works also suggest that the binding between PVP and the Ag surface occurs through the 

carbonyl group. The configuration of both the PVP polymer and the Ag and Fe3O4 composites is 

unclear, as both nanoparticles are supposed to bind to the polymer through the carbonyl group. 

Some research suggests that there are several layers of PVP obtained, some of which bind to the 

Fe3O4 surface and others do not, so this may potentially allow binding to the reduced Ag 

nanoparticles.  
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In the present work, Ag did not deposit uniformly across the sample. The reduction of Ag+ ions 

by NaBH4 is instantaneous which often leads to a broad size distribution and large particle 

formation. PVP is supposed to control the growth of the Ag nanoparticles in the present 

synthesis procedure. However, as it was added before Fe3O4 formation the amount of PVP that 

is not attached to the Fe3O4 surface is not controlled and can be insufficient for full Ag 

nanoparticle functionalization. The effect of the products of Fe3O4 synthesis on Ag nanoparticle 

formation is also unclear.  

The second synthesis (S4) was performed by using arginine as a capping and reducing agent. 

Arginine is a basic amino acid and has a structure as depicted at Figure 72, B – It has an aliphatic 

carbon chain with a guanidinium group (pKa = 12.5) at one end and the alpha-nitric group (pKa 

= 9.0) and carboxyl group (pKa = 2.1) at the other end. Arginine acts as a source of OH- groups in 

the Fe3O4 synthesis [210]. As a source of iron, only Fe2+ ions were used, so the possible 

mechanism of the reaction is [72]: 

𝐹𝑒2+ + 2𝑂𝐻− → 𝐹𝑒(𝑂𝐻)2 (59) 

3𝐹𝑒(𝑂𝐻)2 +
1

2
𝑂2 → 𝐹𝑒(𝑂𝐻)2 + 2𝐹𝑒𝑂𝑂𝐻 + 𝐻2𝑂 

(60) 

𝐹𝑒(𝑂𝐻)2 + 2𝐹𝑒𝑂𝑂𝐻 → 𝐹𝑒3𝑂4 + 2𝐻2𝑂 (61) 

One study also suggest a possible protonation of Fe2+ to Fe3+ by arginine’s amino group [210]. 

Arginine binds to the surface of the formed particles. The majority of the literature suggests that 

arginine binds to the Fe3O4 surface via the carboxyl group which is supported by FTIR and XPS 

data [210–212]. However, one research group [213] suggested that the guanidinium group binds 

to the Fe3O4 surface, while the carboxyl and alpha-amino groups remain “free”. They observed 

that the particles were better dispersed in an acidic pH when compared to a basic pH, so they 

concluded that the carboxyl and alpha-amino groups create hydrogen bonds at basic pH which 

causes agglomeration, while at acidic pH the groups are charged which prevents agglomeration. 

However, the guanidinium group also gains a charge at acidic pH values and can hinder particle 

attraction, therefore there is not enough evidence to confirm binding of the guanidinium group 

to the Fe3O4 surface. It should be noted that as the discussed Fe3O4-arginine structures were 

obtained by different synthesis methods, this could potentially result in different mechanisms 

of surface functionalization. 

After formation of Fe3O4 particles, AgNO3 and additional arginine were placed in the beaker. The 

arginine carboxyl group donates electrons for Ag+ ion reduction and binds to the Ag nanoparticle 
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surface [214,215]. The formation of core-shell structure is unlikely as both Fe3O4 and Ag bind to 

the arginine through the same functional group.  

In the third synthesis procedure, Sn2+ was used as a reducing agent. First, Fe3O4, obtained as 

discussed in Chapter 2, was covered with SiO2 by the following reaction [216]: 

𝑆𝑖(𝑂𝐶2𝐻5)4 + 2𝐻2𝑂 → 𝑆𝑖𝑂2 + 4𝐶2𝐻5𝑂𝐻 (62) 

Then the SiO2 surface was seeded by Sn2+. This process is analogous to the activation of non-

conductive substrates prior to Pd catalysation used in electroless plating. After, the Ag was 

reduced by the following reaction [159]: 

𝑆𝑛2+ + 2[𝐴𝑔(𝑁𝐻3)2]
2+ → 𝑆𝑛4+ + 2𝐴𝑔 + 2𝑁𝐻3 

 

(63) 

The obtained particles had a core-shell structure as the Ag was clearly present around the Fe3O4 

nanoparticle (Figure 67). This structure was obtained because the reducing agent – Sn2+ ions 

were exclusively present on the surface of the Fe3O4-SiO2 nanoparticles. Unreacted Sn2+ was 

removed from solution by washing of the particles between synthesis stages. This was achieved 

by washing the nanoparticles between the Sn seeding step and Ag deposition. Unreacted Sn2+ 

was removed and only absorbed species were left.  

The crystal structure of the S3, S4 and S5 (Figure 69) nanoparticles is similar to the composites 

obtained in synthesis S2 and S1 in the previous chapter. XRD showed that all of the particles are 

composites of Fe3O4 and Ag. According to the ICP analysis (Figure 68) the obtained particles have 

different Ag:Fe ratios - 1:6.7 (S3), 1:1.85 (S4), 1:1.04 (S5). This difference can be explained by 

different loading of the precursors for the synthesis. Also, a larger standard deviation of Ag 

concentration in functionalized nanoparticles (S3, S4, S5) compared to non-functionalized 

particles (S1 and S2) was calculated. This indicates lower batch to batch consistency in the 

syntheses. Issues with reproducibility of nanoparticle synthesis have been reported [151,154] 

and discussed [152] in the literature. The nanoparticles have a large surface area which can 

easily be subjected to adventitious adsorption of impurities, which makes consistent surface 

functionalization difficult to obtain.  

All obtained composites were attracted by a magnet and were able to be used further as 

magnetic catalysts. The values of magnetic saturation of the functionalised composite 

nanoparticles are similar: S3 – 57 emu/g, S4 – 38 emu/g and S5 – 35 emu/g. These values are 

below the saturation magnetisation of Fe3O4 nanoparticles S1 (75 emu/g) and S2 (68 emu/g), 
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but exceed the values of composite nanoparticles with large Ag content (S1 - 3, S1 - 4, S2 - 3, S2 

- 4), which are below 20 emu/g. The obtained values correlate with the data obtained in ICP 

analysis (Figure 68) – the larger the concentration of Ag in the samples the smaller the magnetic 

saturation value.  

The CV results showed that all of the obtained composites in this Chapter can catalyse 

formaldehyde oxidation. 

The potentials of the oxidation were measured at 10-4 A/cm2, the same as those discussed in 

Chapter 4.2.5. 

 

Figure 73. Summary of the potentials of formaldehyde oxidation at current density of 10-4A/cm2 for the 
synthesised Fe3O4-Ag composites. 

 

The stabilized particles have higher potentials than the particles synthesised without the use of 

stabilizers (Figure 73). It was discussed earlier that functionalisation of the particles can hinder 

their catalytic activity. The increase in the potential corresponds with the decrease of Ag 

concentration for the stabilized particles. S5 has the lowest potential amongst the particles 

synthesised in the chapter and the highest Ag concentration. 

The values of peak current density are varied, however as was discussed earlier, current density 

cannot quantitatively characterise the catalyst nanoparticle performance because other factors 

also influence this. For example, two procedures of working electrode preparation were tested. 

Examined nanoparticles were dispersed in isopropanol or water prior to drop-coating of the 

electrode. After, the electrode was dried, CV was conducted. Higher current densities were 

observed when particles from the water dispersion were measured. This could possibly be due 

to the evaporation rate of solvent, which influences the particle distribution across the electrode 
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[217]. The prepared dispersions are not stable and the particles sediment within 2-3 minutes. In 

freshly prepared dispersions, particles are well distributed across the sample and during drying 

the particles are driven by liquid flow. Because of the high rate of isopropanol evaporation, the 

particles do not have sufficient time to redistribute and this results in particle agglomeration. 

When the particles were deposited from water dispersion the water evaporated much slower 

than isopropanol. In this case the particles sediment uniformly across the sample which resulted 

in a larger surface area and higher current density measurements. 

In summary, composite particles containing Fe3O4 and Ag were synthesised using PVP, arginine 

and Sn2+ as stabilizers. The S5 particles have a core-shell structure. All particles have catalytic 

activity towards formaldehyde oxidation and will be further examined as magnetic catalysts for 

electroless Cu plating. 
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Chapter 5. Electroless copper catalyst deposition under the influence of a 

magnetic field 
5.1 The dispersion and deposition of non-functionalised magnetic catalyst by applying a 

gradient magnetic field 

5.1.1 Introduction 

The catalyst should be deposited on the non-conductive material prior to electroless copper 

plating [6]. Usually a Pd/Sn colloid or solution is used as a catalyst. Deposition from solution is 

one of the lowest cost techniques as it does not require expensive equipment and confers 

reproducibility. However, cheaper alternative catalysts are being investigated 

[43,44,47,55,59,62,64,192,218,219].  

During synthesis, the particles are stabilized by substances such as PVP [44,47,53,55,218], SDS 

[43], PDA [68], amino acids [178] etc. Often, catalysts used as synthesised from the same 

solution contain the products of the synthesis reaction. In some works the particles were washed 

and dried after synthesis and then re-dispersed. Litchfield et al. published work in which they 

dispersed commercial copper nanopowder and then stabilized by ultrasonication in a solution 

with a stabilizing agent [192]. The method was only attempted on the Cu nanoparticles but not 

on the composite material as obtained in the current work. Ultrasonication can damage 

composites and destroy their structure [220,221]. Also it has been reported that some stabilizers 

can hinder catalytic activity of particles and prevent electroless copper plating from occurring 

[178,192]. 

Another technique which can be used for the formation of a stable colloid is changing the pH of 

the solution in order to achieve a high charge on the particle surface [202]. However, this 

technique was not considered as the composite material consists of 2 different nanoparticles: 

Fe3O4 and Ag and by obtaining the extra charge on the particle surface, the composite particles 

may repel or if the opposite charge is attained Fe3O4 and Ag surfaces may excessively 

agglomerate.  

Some particles used in the current work (S1 and S2-based composites) were synthesised without 

any stabilizers so it was expected that the solutions will not have significant stability. Also the 

magnetic particles tend to agglomerate especially when the magnetic field is applied [181], 

which is difficult to prevent. Therefore, it was decided to conduct experiments without 

introducing stabilizers and conduct deposition on the freshly dispersed particles in order to 

achieve reproducible results.  
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The method of particle dispersion was considered. Continuous stirring by magnetic or overhead 

stirrers is often used. The magnetic stirrers can attract the catalyst and influence the solution 

stability. In addition, the catalyst used in the current work was dried after synthesis which causes 

the agglomeration of particles. Therefore, ideally the used dispersion method should be able to 

destroy agglomerates. Some of the possible techniques are – ultrasonication by bath or horn, 

ball milling or high pressure treatment. Ultrasonication was chosen as the most economically 

favourable. A bath was chosen in order to avoid complete destruction of the composite 

structure and also to avoid contact of the solution with equipment such as the horn.  

Another approach to eliminate agglomerates from the colloid solution is to remove them using 

filtration which was used in the present work. In order to measure the concentration of the 

catalyst in the dispersion after the filtration the dispersions were analysed by ICP. 

Usually the catalyst for electroless plating is characterised in the colloid form and by evaluating 

the obtained electroless Cu plating [41,59,62,176]. The majority of the catalyst for electroless 

plating deposits on the surface due to adsorbtion [52,62,178]. In the present work the magnetic 

field was applied during catalyst deposition. The magnetic particles can agglomerate in the 

magnetic field [108,113]. Therefore, the characterisation of particle distribution after deposition 

on the surface was also evaluated by SEM analysis. 

The analysis of quantity of the deposited copper was considered. The change in weight is 

commonly used in order to characterise the amount of deposited material. However, in the 

present case, a significantly smaller surface is subjected to the deposition, which makes it 

difficult to record the change in weight. Also any change does not reflect parameters of the 

deposited layer such as adhesion and uniformity.  

Another technique which was considered was ICP analysis of the deposited catalyst. This would 

help to evaluate the amount of particles deposited and the ratio of Ag to Fe ions. However, this 

would not reflect the distribution of particles across the sample and the degree of their 

agglomeration.  

Therefore, it was decided that low magnification SEM should be used to evaluate how the 

catalyst is distributed across the sample as well as the morphology of the obtained electroless 

copper deposit. 
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5.1.2 Catalyst deposition after 5 min ultrasonication 

In this section the catalysts synthesised without any functionalisation and stabilization were 

investigated: S1 – 3, S1 – 4, S2 – 3 and S2 - 4. The catalyst were simply dispersed in water by 

ultrasonication. DLS analysis was attempted on the dispersions. However, due to the low 

stability the obtained results did not meet the required quality for reliable analysis. 

In the first experiments, the catalyst deposition time was varied: 5 sec, 15 sec and 30 sec. 

Particles S1 – 3 in amount 0.025 g  were ultrasonicated in 100 ml of water for 5 min. Straight 

after, the substrate with the attached magnet behind it was placed in the dispersion and 

removed after 5, 15 or 30 sec. Longer catalyst depositions were also tested. However, the 

surface was overloaded with catalyst and the resulting Cu plating did not have any adhesion to 

the surface and was removed after washing the substrate. 

 A dark deposit appeared at the area opposite the substrate surface where the magnetic field 

was applied (Figure 74, A). Subsequently, the substrate was washed in RO water and placed in 

the electroless copper bath for 25 min with the magnet still attached. The procedure is described 

in more details in sections 2.5 and 2.6.  

 

Figure 74. Digital images of substrate after A – catalyst deposition stage, B – after electroless copper 
plating stage. 
 

SEM images were obtained after the catalyst deposition and copper deposition stages (Figure 

75). A more continuous layer of deposited copper was obtained when more catalyst was 

deposited on the substrate.  
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Figure 75. SEM images of the deposited catalyst S1-3 (A-C) and electroless copper (D-F), and digital images 
of obtained copper plating (G-I) at different catalyst deposition times: 5 sec (A, D, G), 15 sec (B, E, H) and 
30 sec (C, F, I).   
 

The same procedure was repeated with the same deposition times for catalysts S1 – 4, S2 - 3 

and S2 – 4. Typical SEM images of the deposited catalyst and digital images of the substrate after 

the electroless copper plating stage are presented in Figure 76. The substrates have significantly 

less deposition compared to the one obtained in catalyst S1 - 3. According to the SEM images, 

catalysts S2 - 3 and S2 – 4 have a large amount of agglomerates.  
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Figure 76. SEM images of the deposited catalyst layer (A-C) and digital images (D-F) of the substrates after 
the electroless copper plating stage. The catalysts S1 – 4 (A, D), S2- 3 (B, E) and S2 – 4 (C, F) were used. 

 

5.1.3 Catalyst deposition after 30 min ultrasonication 

In order to break down the agglomerate, catalysts of the same concentration were 

ultrasonicated for 30 min. First the catalysts were deposited for 30 sec as this was determined 

as the optimal time of catalyst deposition for S1- 3. However, overloading of the surface with 

catalyst was observed for all samples, as could be observed from the absence of adhesion of the 

deposited electroless copper. Therefore, the catalysts were deposited for 15 sec in order to 

compare with previous results. The SEM images of the deposited catalysts and the digital 

photographs of the substrates after electroless copper plating are presented in Figure 77. Longer 

ultrasonication does not improve the quality of the S1 - 4, S2 - 3 and S2 - 4 deposits as very low 

amounts of copper plating were observed. The plating obtained with the S1-3 catalyst was not 

continuous and had the presence of needle-like structures at the substrate centre. The deposit 

displacement was observed on the sample catalysed by S2 – 3 particle. In addition, according to 

the SEM images (Figure 77, C, D) the S2 - 3 and S2 - 4 catalysts still have large agglomerates on 

the surface. Therefore, solutions were filtrated after 30 min of ultrasonication.  
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Figure 77. SEM images of the deposited catalyst layer (A-D) and digital images (E-H) of the substrates after 
the electroless copper plating stage. The catalysts S1 – 3 (A, E), S1 – 4 (B, F), S2- 3 (C, G) and S2 – 4 (D, H) 
were used. 

 

5.1.4 Catalyst deposition after 30 min ultrasonication and filtration 

The concentration of Ag and Fe ions in the catalyst particle dispersions was measured by ICP 

analysis (Figure 78). 

 

Figure 78. The ICP analysis of Fe and Ag concentration in the dispersions of the Fe3O4-Ag  nanoparticles 
before and after filtration. 
 

According to the obtained data the concentration of the ions significantly decreased after the 

filtration because some particles remained on the filter. Therefore, longer immersion times in 

the catalyst were tested: 30 sec and 3 min. 

The S1 - 3 catalyst deposited in a needle-like structure at the centre of the magnetic field 

influence, especially when the catalyst was deposited for 3 min (Figure 79). 
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Figure 79. SEM images of the deposited catalyst layer (A, D) and electroless copper plating (B, E), and 
digital images (C, F) of the substrates after electroless copper plating stage. Catalyst S1 – 3 was deposited 
for 30s (A - C) and 3 min (D – F). 
 

S1 – 4 and S2 - 4 catalysts had similar performance. Both catalysts deposited with large amount 

of agglomerates (Figure 80, Figure 81) and continuous film formation was not achieved. 

 

Figure 80. SEM images of the deposited catalyst layer (A, D) and electroless copper plating (B, E), and 
digital images (C, F) of the substrates after the electroless copper plating stage. The catalyst S2 – 4 was 
deposited for 30 sec (A - C) and 3 min (D – F).  
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Figure 81. SEM images of the deposited catalyst layer (A, D) and electroless copper plating (B, E), and 
digital images (C, F) of the substrates after the electroless copper plating stage. The catalyst S1 – 4 was 
deposited for 30 sec (A - C) and 3 min (D – F). 

 

The S2 - 3 catalyst showed significantly improved performance after filtration and a much 

brighter deposit was obtained (Figure 82). Also, during longer exposure to the catalyst, needle-

like structures were observed at the centre of the substrate (Figure 82 F, H). It should be noted 

that a continuous deposit was observed at the area located higher than the magnetically 

influenced area. This happened during all depositions performed with the S2 - 3 catalyst, but 

never occurred with any other catalysts tested. It should be noted that no catalyst displacement 

was observed prior to electroless plating.  
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Figure 82. SEM images of the deposited catalyst layer (A-C) and electroless copper plating (D-F), and digital 
images (G, H) of the substrates after electroless copper plating stage. The catalyst S2 – 3 was deposited 
for 30 sec (A, D, G) and 3 min (B, C, E, F, H). B, C – the images were taken at the top part of the continuous 
deposit, E, F – the images were taken at the centre part of the deposit. 
 

5.1.5 Discussion 

The correlation between the distribution of the deposited catalyst on the substrate surface and 

the resulting copper deposit was investigated. 

The first deposits were obtained after 5 min of ultrasonication of catalyst colloid. The shorter 

time of ultrasonication was chosen in order to prevent destruction of the composite 

nanoparticles. 

All catalysts employed had a similar composition and size however the performance was 

different. The most effective catalyst was S1 - 3, as distinctive copper plating was achieved 

(Figure 75). Compared to the other deposited catalysts (Figure 76), S1 – 3 had better distribution 

across the sample and did not have the large agglomerates seen in the S2 based catalysts. A 

more evenly distributed catalyst across the surface will have a larger surface area and will result 

in higher catalytic activity [222]. 
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Catalysts S2 – 3 and S2 – 4 had significantly lower performance and almost no copper plating 

was achieved (Figure 76). Both catalysts were made with Fe3O4 obtained on a SDR. In addition 

to the small particles which were shown in section 4.2, large particles were also formed. It can 

be attributed to the synthesis procedure – the solutions of Fe salts and base were first mixed on 

a spinning disc and were afterwards collected using a continuously stirring vessel. However, 

there was no stirring when the solutions were transported through the pipe from the spinning 

disc to the vessel. The reaction of the Fe3O4 formation is not immediate and continues while 

solutions are transported from the spinning disc reactor which may result in large particle 

formation.  

In order to decrease the amount of agglomerates, longer ultrasonication was performed. Both 

catalysts S1 - 3 and S1 – 4 resulted in copper layer formation (Figure 77, E, F), however in both 

cases the central part of the deposit remained not entirely plated and had a dark coloration due 

to the presence of catalyst. This indicates non-uniform distribution of the catalyst around the 

area where the magnetic field was applied and non-uniform distribution of the magnetic field 

around the area. Secondly the deposit had a needle-like structure at the central part of deposit 

(observed during visual examination) which is due to catalyst nanoparticle alignment in the 

magnetic field [113].  

Longer ultrasonication of S2 based particles did not result in copper plating formation (Figure 

77, G, H) and agglomerates were still present when the deposited catalyst was analysed (Figure 

77, C, D). This indicate either strong agglomerate formation or the presence of large particles in 

solution. In order to eliminate the agglomerates and large particles, filtration was used. There 

are a range of filters that can be used with various pore sizes. Intuitively the filter with smaller 

pore size should be chosen. However, due to the presence of agglomerates, filtration with a fine 

pore size will result in a low concentration of particles in the dispersion. Even after filtration with 

a filter with pore size 6 µm the concentration decreased more than 3-fold according to the ICP 

analysis (Figure 78).  

The filtration did not significantly improve the performance of S1 - 3 and S1 – 4 (Figure 80, Figure 

82). A filter with pore size 6 μm was used, and less agglomerates of this size were observed in 

both catalysts. It is possible that a filter with a finer pore size should be used in order to achieve 

improvement in the aforementioned catalysts.  

The performance of the S2-based catalysts was improved with filtration (Figure 80, Figure 82). 

Using the S2 – 3 catalyst resulted in formation of a uniform copper layer at the edges of the 
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magnetic field influence and at the area located higher than the magnetically influenced region. 

The plating at that area can be explained by the displacement of the catalyst particles. The 

displacement only occurred towards the top area of the substrate so it cannot be caused by 

gravitational forces as they would result in the displacement of the catalyst to the bottom part 

of the substrate [103]. Another theory was that some part of the particles have less magnetic 

attraction than others and are therefore being removed during rinsing stages, although this 

would likely also result in displacement in the other directions. Displacement of the catalyst prior 

to electroless plating was not observed. Therefore, this can only occur during the electroless 

plating process. This may be occurring as a result of hydrogen evolution reaction which proceeds 

during formaldehyde oxidation [6]. Hydrogen bubbles move towards the solution surface during 

the electroless plating process, along the surface of the top part of the substrate. Hydrogen 

bubbles also possibly transport less magnetic parts of the catalyst - the parts with the higher 

silver and lower Fe3O4 content. The presence of more Ag particles results in more uniform Cu 

plating. 

The obtained results may be contrary to the CV measurements made in the previous chapter – 

the best performing catalyst S1 – 3 had a higher potential compared to S2 - 3 and S1 – 4 

nanoparticles (Figure 66). Possible reasons for this include the following: 

First of all, sample preparation for CV measurements and for electroless plating are different. 

For CV, the solution is drop-coated onto the electrode surface and no magnetic field is applied. 

Therefore, particles are not influenced by any external force that could cause agglomeration. 

Also for CV the probe was taken from the middle of the vial and there was no preferential intake 

of particles of any certain size. When the magnetic field was applied, larger particles are more 

likely to be attracted as they have larger magnetic susceptibility, while smaller particles will also 

agglomerate [114]. For this reason, the particles evaluated by CV will not experience the same 

high level of agglomeration as the ones deposited under the magnetic field influence. Therefore, 

the probe used for the CV analysis will contain less agglomerates and particles of smaller size. 

This will significantly improve the performance of the catalysts in which large agglomerates are 

present after the deposition in the magnetic field (S1 – 4, S2 – 3 and S2 – 4). 

Overall, the obtained deposits do not show high uniformity and the quality of the deposit differs 

at the centre and outside part around the magnet. Therefore, further investigation of the 

magnetic field properties are required.  
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The most uniform copper plating was obtained when S1 – 3 was deposited for 30 s after 5 min 

ultrasonication (Figure 75). Further treatment of the catalyst resulted in needle-like structure 

formation, which was also observed when S2 – 3 catalyst was used after filtration. It is possible 

that the smaller particles tend to align with the magnetic field, while if bigger particles are used 

the performance of the catalyst decreases.  

The typical electroless copper plating appearance observed in the present work can be 

categorised as shown in Table 17. 
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Table 17. Digital photographs of typical categories of obtained electroless copper plating during applying 
permanent magnet and respective SEM images of catalyst distribution and electroless copper layer.  

 

Digital photographs 
of obtained Cu plating 

SEM images of deposited 
catalyst 

SEM images of electroless Cu 

 

 

 

No visible plating Agglomerates of catalyst 
mainly deposited 

Barely any Cu deposit 

 

 

 

Light pink coloration Catalyst still has lots of 
agglomerates but they are 
spread around the substrate 

Non-uniform Cu deposit  

  

 

Bright pink layer Smaller catalyst agglomerates 
spread around the substrate 
surface 

Electroless Cu film was formed 

 

 

 

 

Needle-like deposit Small catalyst particles aligned 
in the magnetic field 

Low adhesion and needle-like 
Cu layer obtained 
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5.2 The dispersion and deposition of the functionalised magnetic catalyst by applying a 

gradient magnetic field 

5.2.1 Introduction 

The catalytic activity of the particles is highly dependent on their surface area. In order to 

maintain high surface area of the catalyst, the particles should be well dispersed in the colloid 

and uniformly deposited on the substrate surface. 

The nanoparticles obtained in the previous chapter were first dried after synthesis. During 

drying, the particles can make chemical bonds and form agglomerates [223,224]. The 

functionalization of the particles with steric stabilizers helps to prevent agglomeration during 

drying [224].  However, if stabilizers do not bind to the whole surface of the particles, 

agglomerates can still be formed [225]. In order to break the agglomerates and disperse the 

particles in water, ultrasonication was used. Some work showed that even after relatively short 

treatment (30-60 min), the size of agglomerates significantly decreased [59,226] . Therefore, 30 

min ultrasonication treatment was used. 

The dispersions are often analysed by dynamic light scattering analysis (DLS). This shows the 

distribution of the particle size in a dispersion. However, DLS has certain limitations. Firstly, only 

stable dispersions can be analysed because the measurement is relatively long and changes in 

the dispersions (including agglomeration and sedimentation) affect the results. In addition, it 

has limitations for analysis of dispersions with particles of different sizes. The technique is based 

on analysis of intensity of scattered light. Larger particles give a stronger signal than smaller 

ones. The scattering power of particles is proportional to their diameter to the sixth power [227]. 

Therefore often the signal from particles of smaller diameters can be masked by signals from 

larger particles [228,229]. This was observed during the experiments on bimodal dispersions 

(where the proportion of particles diameters is 2:1 or larger) and the particle with smaller 

diameter were not detected by DLS at all.  

In the present Chapter, similar to Chapter 5.1, the dispersion of the nanoparticles in water, the 

distribution of the particles after deposition by applying a magnetic field and subsequent 

electroless Cu plating were all evaluated.  

The following particles were studied in this Chapter: particles stabilized by PVP (S3), arginine 

(S4) and Sn ions (S5). The S4 particles were also dispersed in a 0.01 M HCl at pH2 because the 

charge of arginine depends on the pH and more stable dispersions obtained at acidic pH were 

previously reported [213]. 
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5.2.2 Colloid dispersions of the magnetic catalyst nanoparticles 

The nanoparticles obtained in Chapter 4.4 were dispersed in water for 30 min by ultrasonication 

and analysed by ICP and DLS. The same catalyst dispersions were filtered after ultrasonication 

in order to eliminate the agglomerates and large particles and analysed again.  

The results of ICP analysis are presented in Figure 83. The concentration of Ag and Fe ions were 

measured.  The concentration of both detected metals from non-filtered dispersions is similar 

for all samples and varies from 134 to 163 mg/l. After filtration, the overall concentration of 

metals significantly decreased in the S3 and S4 dispersions by 6.7 and 9 times respectively. The 

concentration of metals from filtered dispersions S4 pH 2 and S5 also decreased but only by 1.6 

and 1.3 times respectively. The concentration of Ag decreased proportionally with the overall 

metals concentration for most of the samples except S4 pH 2. 

 

 Figure 83. The concentration of Ag (blue) and Fe (orange) ions determined by ICP analysis in magnetic 
nanoparticle dispersions S3, S4, S4 pH 2, and S5 before and after filtration. 
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 Figure 84. Particle size distribution determined by DLS analysis for catalyst nanoparticle dispersions 
before and after filtration: A – S3, B – S4, C – S4 pH 2, D – S5. 

  

The results of the DLS analysis are presented in Figure 84. The mean size of the S3 and S4 

dispersed particles significantly decreased after the filtration by 1282.5 nm and 1206.5 nm 

respectively. The polydispersity index (PdI) also decreased for both (by 0.15 and 0.07 

respectively). Opposite trends were observed in the other two dispersions (S4 pH 2 and S5), as 

the mean size increased after the filtration by 42.5 nm in the S4 pH 2 dispersion and 22.3 nm in 

the S5 dispersion. The PdI also increased by 0.031 and 0.103 respectively.  
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5.2.3 Deposition of catalyst by applying a magnetic field and subsequent electroless copper 

plating 

 

The catalyst was deposited on the substrate by applying a magnetic field as described in the 

methodology Chapter. Briefly, the magnetic catalyst particles were dispersed by ultrasonication 

for 30 min in 100 ml RO water. Then the substrate, with a magnet attached to one side of it, was 

placed in the freshly prepared dispersion for 15 sec. The SEM images of catalyst deposited on 

the substrate and photographs of corresponding electroless plating are presented in Figure 85. 

The S3 catalyst had a film-like continuous morphology when deposited on the substrate while 

the other catalysts did not. All catalyst depositions resulted in distinctive electroless copper 

plating, however none of the Cu deposits were continuous. Electroless deposited Cu is more 

“packed” (but still not continuous) for samples obtained from S3 and S5 catalysts compared to 

the others. The electroless copper layer obtained from S4 and S5 catalysts had low adhesion at 

the central part of the deposit. 

In order to remove large undispersed agglomerates, the catalyst dispersions were filtered before 

being deposited on the substrate surface (Figure 86). The deposition time was increased to 30 

sec because the catalyst concentration decreased due to agglomerates remaining on the filter, 

which was also confirmed by ICP analysis (Figure 83).  

Electroless Cu plating was observed on the deposits obtained from the S5 catalyst although the 

central part is dark and has low adhesion to the substrate. Other samples show no or very little 

evidence of electroless copper being plated according to the SEM analysis.  
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Figure 85. The SEM images of catalysts deposited for 15 sec on epoxy substrate after 30 min 
ultrasonication by applying a magnetic field and corresponding digital photographs of substrates after the 
subsequent electroless copper plating stage. 
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Figure 86. The SEM images of catalysts deposited for 30 sec on epoxy substrate after 30 min 
ultrasonication and filtration by applying a magnetic field and corresponding digital photographs of 
substrates after the subsequent electroless copper plating stage. 

 

The S4 pH 2 catalyst deposition was not consistent. The catalyst was often displaced prior to the 

sample being placed in the electroless Cu bath (Figure 87). Electroless Cu plating was not 

performed on these samples. 
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Figure 87. The digital photographs of substrate with S4 pH 2 catalyst deposit after 30 min ultrasonication 
and filtration. The catalyst was deposited for 30 sec in both cases. 

 

5.2.4 Discussion 

 

According to the ICP data (Figure 83), some dispersions had a higher overall metal concentration 

than others. For example the S3 dispersion had 163 mg/L of Fe and Ag ions together while S5 

had only 143 mg/L. Both dispersions were made with an equal amount of nanoparticles. S3 had 

the largest concentration and S5 had the lowest. The difference in the concentration was due to 

the different molar mass of the particles resulting from the difference in particle composition – 

S3 was functionalized with PVP while S5 contained SiO2 and Sn ions layers.  

It should be noted that the standard deviation for ICP measurements was quite low and did not 

exceed 2 % of the measured value. The repeats for each substance were from the same batch 

of synthesised nanoparticles. The previous Chapter 4 highlighted the repeatability issues with 

nanoparticle synthesis. The purpose of using material from the same bath was to indicate 

whether any reproducibility problems will arise due to the ultrasonication and filtration stages. 

The low standard deviation values indicated that the process was reproducible. 

A much lower concentration of Ag was determined by ICP when the S4 pH 2 sample was analysed 

compared to the S4 sample. The pH was adjusted with 0.01 M HCl. Ag cannot be dissolved in 

dilute HCl and the rate of Fe3O4 dissolution is relatively low at this concentration [230].  

However, the presence of HCl strongly affected the ICP measurements of Ag. Nitric acid was 

used to prepare all samples for analysis. Ag dissolved in nitric acid reacts even with trace amount 

of HCl and forms insoluble AgCl which cannot be determined by ICP [231]. Therefore, the results 

for the S4 pH 2 solution can be disregarded. 

Agglomerates were observed on the substrate surface after particle deposition. The dispersions 

subject to 5 min ultrasonication showed low stability and the samples did not meet the quality 
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criteria for the DLS analysis. Samples subject to 30 min ultrasonication were analysed by DLS – 

a large amount of agglomerates exceeding 1 µm were observed in samples S3 and S4 (Figure 84 

A, B). After filtration, the mean size of the particles significantly decreased for both dispersions. 

According to the ICP analysis (Figure 83) the overall concentration of both Fe and Ag ions also 

significantly decreased in the dispersion after filtration. This showed that more than 50% of 

dispersions were agglomerated and remained on the filter. 

The S4 pH 2 and S5 dispersions had a much lower particle size even before filtration according 

to the DLS analysis (Figure 84 C, D). For both materials, the mean size even slightly increased 

after the filtration process, which indicated that the dispersions were not stable and have a 

tendency to agglomerate over time. ICP (Figure 83) shows the decrease in Fe and Ag 

concentration of the particles after filtration, however this was not as significant as for the S3 

and S4 dispersions. This means that a lower amount of material was agglomerated after 

ultrasonication. 

S3 particles were synthesised using PVP, which is expected to functionalise the particle surface 

and prevent agglomeration [223]. Some works show that the amount of PVP should be 

optimised [225,232,233]. A low concentration of PVP can lead to inadequate surface 

functionalisation and results in the agglomeration of non-functionalised surfaces and chemical 

bond formation during drying. Excessive amounts of PVP also lead to agglomeration. Therefore, 

further work should aim to optimise the concentration of PVP to prevent agglomerate 

formation. 

The S4 sample was synthesised using arginine. The charge of arginine depends on the pH and 

affects the agglomeration of the particles. It was previously reported [213] that particles 

functionalised with arginine were better dispersed in acidic conditions and indeed in the present 

work the particles showed less agglomerates when dispersed at pH 2.  

The S5 composite particles did not have any steric stabilising layer. However, stabilisation did 

occur due to electrostatic repulsion of Sn4+ ions. The S5 dispersion showed the smallest Fe and 

Ag loss after the filtration which means that the particles were the best dispersed. However, 

some agglomerates were still present. The main difference between particle syntheses was that 

S5 was subject to continuous ultrasonication which prevented particle agglomeration during 

synthesis. Samples S3 and S4 were magnetically stirred during synthesis, however due to the 

magnetic properties of the particles themselves, some were attracted by the magnetic stirrer 

and remained attached to it during synthesis, which resulted in agglomerate formation. 
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The catalysts dispersed for 30 min were deposited by applying a magnetic field. The substrates 

were then electroless copper plated. All analysed nanoparticles deposited at the area with 

magnetic field influence and all resulted in copper plating (Figure 85). The S3 catalyst formed a 

film when deposited (Figure 85, C), due to PVP polymerisation. However, electroless Cu 

deposition was obtained although the adhesion was low. This is due to overloading of the 

catalyst on the substrate surface. The catalyst remained on the substrate surface by magnetic 

forces.  The deposited copper bonded with the catalyst without forming bonds to the substrate. 

So when the magnet was removed there were no magnetic forces to keep the catalyst at the 

substrate surface and both the catalyst and the electroless copper were not bonded to the 

surface. 

When the S3 was deposited after the filtration, the catalyst did not form a film (Figure 86, A), 

due to low loading of the catalyst. The concentration of particles significantly decreased after 

filtration according to the ICP analysis (Figure 83), which explains the observation that less 

catalyst was deposited. Some electroless copper was plated but did not form a continuous film.  

In this case the catalyst distribution resulted in an “island” of copper plating which did not 

overlap with each other during growth to form a continuous film.  This explains the low loading 

of catalyst on the surface. Similar results were obtained for the S4 dispersion before and after 

filtration and the S4 pH 2 dispersion before filtration. It should be noted that the presence of 

agglomerates still resulted in electroless Cu plating (Figure 85, D, F).  

The S4 pH 2 sample showed displacement of the catalyst at the depositions after filtration 

(Figure 87), so no reproducible results were obtained. The S4 catalyst had a small size of Fe3O4 

particles. The interaction between the magnetic field and magnetic nanoparticles is proportional 

to the particle size [190]. Therefore, when magnets of low strength were used the attraction 

between particles and magnet was too low to maintain the presence of particles and during the 

process they moved. When the pH of the dispersion was not adjusted the particles formed 

agglomerates which were of micron size (Figure 85, D) and therefore had a stronger interaction 

with the magnetic field and therefore no displacement occurred. 

The S5 catalyst resulted in electroless copper plating both before and after filtration (Figure 85, 

L, Figure 86, J respectively). The plating occurred mainly at the contour of the pattern. This was 

due to the uniformity of the magnetic field distribution on the surface when the magnetic field 

was applied. So higher values of magnetic flux density at the centre of the magnet resulted in 

catalyst overloading at the central part of the patterned area. 
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The main goal of the present chapter was to establish the trends in catalyst quality and 

distribution across the sample and the quality of the obtained electroless copper plating. The 

following conclusions were made: 

1) Agglomerates. 

Electroless Cu plating was obtained when agglomerates were either present or absent, so 

the proposed decrease in catalytic activity and the decrease in surface area does not affect 

the ability to obtain electroless copper plating. 

2) Functionalisation. 

At the current stage of the research, functionalisation itself does not affect the ability to 

plate with magnetic nanoparticles. However, functionalisation should not result in the 

formation of continuous catalyst layers when the particles are deposited which would affect 

the adhesion. 

3) The particles distribution on the surface. 

The particles should uniformly distribute across the catalyst surface without making either 

a continuous catalyst film, or an overpopulated surface in order to maintain the layer 

adhesion. Also there should be enough catalyst to form a continuous Cu plating. 

4) The size of the catalyst. 

If weak magnetic fields are used, the size of the magnetic portion of the catalyst should be 

optimised. The interaction between particle and magnetic field depends on the particle size. 

Smaller particles can be displaced. 
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Chapter 6. Development of the magnetic template 
6.1 Introduction  

The patterning of ferromagnetic material using a gradient magnetic field is a technique used in 

various fields, from biomedical applications [109–111,171] to the patterning of electrochemical 

deposition [79,97,99,103–105]. In this process, magnetic materials such as iron or steel were 

used as the templates. The shape and dimensions of the templates may vary depending on the 

application.  

In order to achieve a gradient magnetic field distribution on the surface of the substrate, the 

thickness of the substrate should be taken into consideration. With an increase in the substrate 

thickness the influence of the magnetic field dramatically falls [111]. 

If magnetic material is used as a template, it should be placed under the influence of a uniform 

magnetic field in order to be magnetized. The strength of the field affects the distribution of the 

gradient magnetic field on the substrate surface. A permanent magnet or electromagnet can be 

used as a source of a uniform magnetic field. Due to construction and economic considerations, 

a permanent magnet was chosen as the source of the uniform magnetic field in the present 

research. The size and weight of the magnet is also restricted by the application – it should be 

possible to attach it to the substrate during the electroless plating process. 

Therefore the main limitations are: 

• Technological simplicity: e.g. the introduction of a large, strong magnet can increase the 

risk and complicate the process; 

• The thickness of the substrate – thicker substrates will require the use of a stronger 

magnetic field. 

Selective electroless plating is required in a number of patterns. The majority of the research 

groups investigate selective line deposition [14,54,66–68,170,219,234,235] however some 

works demonstrate more complex forms including circular lines [54,67], squares [66–68] and 

circles [66]. The main goal of selective plating is the precise reproduction of the pattern with the 

smallest possible element size (e.g. line width) and the smallest spacing between neighbouring 

elements. In addition, the overlapping of the elements should be strictly avoided because in 

electronics these can cause a short circuit. 

In order to simulate the magnetic field distribution FEMM software was used. This allows 

simulation of the magnetic field distribution and can also be used to calculate the strength of 
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Distance from edge of the substrate, mm 

the magnetic field on the substrate surface. The simulation was run using on a permanent 

magnet field distribution and a template consisting of parallel lines. 

6.2 Permanent magnet 

At first, the magnetic influence of the permanent magnet on the substrate was simulated (Figure 

88, A). A distribution of magnetic flux density across the substrate surface was obtained (Figure 

88, B).    

 

 

 

 

 

 

Figure 88. Magnetic field distribution simulated by FEMM for the permanent magnet A – cross section of 
the set up; B – magnitude of magnetic flux density distribution on the substrate surface. 
 

The normal magnetic flux density (the flux density component perpendicular to the substrate 

surface, Bz) was obtained during simulation (Figure 89, A) and its gradient (
𝑑𝐵𝑧

dx
) across the 

substrate surface was calculated (Figure 89, B). The highest gradient was obtained near the 

magnet edges, while at the centre the gradient was almost 0.  

 

Figure 89. A – normal magnetic flux density distribution across substrate surface, B – gradient of the 
normal magnetic flux density across the substrate surface. 

Distance from edge of the substrate, mm 
Distance from edge of the substrate, mm 
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6.3 Template fabrication 

In order to estimate the main tendencies of the magnetic field distribution, a cross section of 

the template of parallel lines made from steel 1010 was modelled. First, the following system 

was simulated (the yellow colour indicates the parameters which were altered): 

Table 18. The parameters of the simulated system with changing thickness of the substrate. 

Line 
width, 

mm 

Line 
height, 

mm 

Distance 
between 

lines, 
mm 

Magnet 
length, 

mm 

Magnet 
thickness, 

mm 

Amount 
of lines 

Magnet 
orientation 

towards 
substrate 
surface 

Substrate 
thickness, 

mm 

0.5 1 0.5 10 2 10 Perpendicular 
3 

0.41 

  

The thickness of the substrate was varied in order to obtain patterning of the magnetic flux 

density across the substrate surface. According to Figure 90, when a 3 mm thick substrate was 

used no patterning effect of magnetic flux density occurred. When a 0.41 mm substrate was 

used a repetitive wave pattern was obtained. However, the peak and the trough of the wave at 

the edges of the template corresponded to larger magnetic flux density values compared to the 

centre of the template. 

 

 

 

 

 

 

 

 
 
Figure 90. Magnitude of the magnetic flux density distribution across the substrate surface for 0.41 mm 
and 3 mm thick substrates. 
 

The gradient of the normal magnetic flux density was also simulated (Figure 91). Higher gradient 

values were obtained at the edge of the template. 

Distance from edge of the substrate, mm 
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Figure 91. Magnetic field distribution simulated by FEMM for the permanent magnet and template A – 
cross section of the set up; B – normal magnetic flux density distribution on the substrate surface, C – 
gradient of the normal magnetic flux density distribution across sample surface. 

 

The aims of the following optimisation are: 

• To decrease the “edge” effect – make the peaks of all “waves” have the same value of 

magnetic flux density  

• To keep the amplitude of the waves as high as possible 

• To get the magnetic flux density value at the wave peak comparable with the value 

obtained when a single magnet is placed 

The influence of the height of the template line on the patterning effect of the magnetic flux 

density was evaluated. The systems were simulated as shown in Table 19 and the flux density 

distribution for the systems are presented at Figure 92. 

 

Distance from edge of the substrate, mm Distance from edge of the substrate, mm 
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Table 19. The parameters of the simulated system with changing template line height. 

Line 
width, 

mm 

Line 
height, 

mm 

Distance 
between 

lines, 
mm 

Magnet 
length, 

mm 

Magnet 
thickness, 

mm 

Amount 
of lines 

Magnet 
orientation 

towards 
substrate 
surface 

Substrate 
thickness, 

mm 

0.5 

1 to 10 
step 1 

0.5 10 2 10 Perpendicular 0.41 

10 to 
50 step 

5 

50  to 
100 

step 10 

 

 

 

 

 

 

 
Figure 92. Magnetic flux density distribution across the substrate surface for the template with lines 
height from A - 1 to 100 mm, B – 15 to 100 mm. 
 

The difference between flux density values of the peaks located at the edge of the template 

and the central part became almost negligible for lines with a height 15 mm and higher (Figure 

93, A). However, it also decreased the maximum achieved magnetic flux density value (Figure 

93, B). The distance between the wave peaks and troughs also decrease with increasing height 

of the line (Figure 93, C). 

 

 

 

Distance from edge of the substrate, mm Distance from edge of the substrate, mm 
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Figure 93. A – The difference in magnetic flux density between the edge and centre of the template as a 
function of template height; B – the change in the maximum magnetic flux density obtained per simulation 
as a function of template height; C – The change in the amplitude of the magnetic flux density waves as a 
function of template height.  
 

The influence of the magnet length was also evaluated (Table 20, Figure 94). The main 

observed effect was a shift of the position of the “edge effect” to the magnet edge – the 

templates lines at the locations opposite to the magnet edges produce the highest magnetic 

flux density at the substrate surface. 

Table 20. The parameters of the simulated system with changing magnet length. 

Line 
width, 

mm 

Line 
height, 

mm 

Distance 
between 

lines, 
mm 

Magnet 
length, 

mm 

Magnet 
thickness, 

mm 

Amount 
of lines 

Magnet 
orientation 

towards 
substrate 
surface 

Substrate 
thickness, 

mm 

0.5 1.0 0.5 

2.0 

2.0 10 Perpendicular 0.41 

6.0 

10.0 

14.0 

18.0 

 

 

 

 

 

 
 
 
Figure 94. Magnetic flux density distribution across the sample surface for the system with magnet length 
A – 2, 6 and 10 mm; B – 10, 14 and 18 mm.  

Distance from edge of the substrate, mm Distance from edge of the substrate, mm 
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The effect of the thickness of the magnet on the magnetic flux density across the sample was 

evaluated (Table 21, Figure 95, A). Using a thicker magnet results in higher maximum values of 

magnetic flux density and a higher distance between “wave” peak and trough. 

Table 21. The parameters of the simulated system with changing magnet thickness. 

Line 
width, 

mm 

Line 
height, 

mm 

Distance 
between 

lines, 
mm 

Magnet 
length, 

mm 

Magnet 
thickness, 

mm 

Amount 
of lines 

Magnet 
orientation 

towards 
substrate 
surface 

Substrate 
thickness, 

mm 

0.5 1.0 0.5 10.0 

1 to 5 

Step 1 
10 Perpendicular 0.41 

10 

 

 

 

 

 

 

 

 

Figure 95. Magnetic flux density distribution across the sample surface for the system with changing A – 
magnet thickness, B – distance between template lines.  

 

Changing the parameter of distance between template lines (Table 22) leads to a greater 

difference between the peak and trough of the “wave” of magnetic flux density (Figure 95, B). 

 

 

 

 

Distance from edge of the substrate, mm 

Distance from edge of the substrate, mm 
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Table 22. The parameters of the simulated system with changing distance between template lines. 

Line 
width, 

mm 

Line 
height, 

mm 

Distance 
between 

lines, 
mm 

Magnet 
length, 

mm 

Magnet 
thickness, 

mm 

Amount 
of lines 

Magnet 
orientation 

towards 
substrate 
surface 

Substrate 
thickness, 

mm 

0.5 1.0 

0.25 

10.0 2.0 10 Perpendicular 0.41 0.50 

0.75 

 

Considering the previously discussed parameters the following system was simulated (Table 

23): 

Table 23. The parameters of the simulated system with changing magnet orientation. 

Line 
width, 

mm 

Line 
height, 

mm 

Distance 
between 

lines, 
mm 

Magnet 
length, 

mm 

Magnet 
thickness, 

mm 

Amount 
of lines 

Magnet 
orientation 

towards 
substrate 
surface 

Substrate 
thickness, 

mm 

0.5 20 0.75 20 10 16 

Perpendicular 

0.41 

Parallel 

 

When the magnetisation of the magnet is perpendicular to the substrate surface the magnetic 

lines on the substrate surface centre are also perpendicular to the substrate (Figure 96, A). The 

distribution of the patterned magnetic flux density (Figure 96, B) on the substrate surface was 

improved by the modifications mentioned in this chapter – the edge effect significantly 

decreased while the distance between “wave” peaks and troughs remained relatively large - 

0.02 T. The maximum achieved magnetic flux density of 0.14 T is comparable to the one 

obtained in the single magnet simulation (0.1 T). The gradient of the normal magnetic flux 

density was also patterned (Figure 96, C). 
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Figure 96. Magnetic field distribution simulated by FEMM for the permanent magnet and template 
oriented perpendicular to the substrate surface. A – cross section of the set up; B – magnetic flux density 
distribution on the substrate surface, C – gradient of the normal magnetic flux density distribution across 
the sample surface. 

 

Next, the same template, substrate and magnet were simulated but the direction of 

magnetization was changed by 90O, making it parallel to the substrate surface. The magnetic 

lines on the substrate surface become more parallel to the surface, especially at the central part 

of the substrate (Figure 97, A). The magnetic flux density distribution still has a significant edge 

effect (Figure 97, B), however the gradient of normal magnetic flux density does not (Figure 97, 

C). In addition, the amount of peaks in the magnetic flux density distribution plot is 15 when a 

16-lined template being simulated. This indicate that peaks correspond to the areas between 

template lines due to the geometry of the magnetic lines distribution. 

Distance from edge of the substrate, mm Distance from edge of the substrate, mm 
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Figure 97.  Magnetic field distribution simulated by FEMM for the permanent magnet and template 
oriented parallel to the substrate surface A – cross section of the set up; B – magnetic flux density 
distribution on the substrate surface, C – gradient of the normal magnetic flux density distribution across 
the sample surface. 
 

6.4 Discussion 

Analysis of the results of this chapter revealed that the distribution of the magnetic field across 

the sample was variable. As discussed in various works, the interaction between magnetic 

nanoparticles and magnetic fields is proportional to the 𝐵∇𝐵 parameter[97], though the 

majority of works operate with only the ∇𝐵  parameter[109,112,171,236]. According to the 

simulation, the magnitude of the magnetic flux density is uniform at the central part of the 

substrate and decreases at the sides, while the gradient of the normal magnetic flux density is 

significantly higher at the sides of the magnetic field influence (Figure 88). If the particles were 

attracted only to the place with the highest gradient, plating would occur only on the outline of 

Distance from edge of the substrate, mm 
Distance from edge of the substrate, mm 
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the magnet, however as shown in the previous chapter there are particles located at the centre 

where the gradient is quite low (Figure 75).  

In the Chapters 5.1 and 5.2 depositions with a needle-like morphology were often obtained, 

which results from magnetic nanoparticles aligning with the magnetic field lines. According to 

the simulation the magnetic field lines are perpendicular to the surface of the central part of the 

substrate, while more acute angles are observed at the areas corresponding the edge of the 

magnet (Figure 88, A). This also explains why better quality deposits were obtained at the edge: 

the catalyst particles were spreading along magnetic field lines that were almost parallel to the 

substrate surface [113]. Therefore, not only the magnetic flux density should be considered but 

also the direction of the magnetic field lines. However, multiple works used a magnet with 

magnetization perpendicular to the substrate surface and did not report any needle-like 

arrangement of particles[109,111,112]. The importance of the alignment of magnetic field lines 

in respect to the position of the substrate to the current work should be further investigated. 

Next, the template for patterning the magnetic field was simulated and optimised. Many of the 

observed effects are due to the increased distance between the magnet and the substrate 

surface (Figure 92, Figure 93): 

• The patterning effect of the magnetic template decreased 

• The “edge” effect of the magnet decreased  

• The amplitude of the pattern wave decreased 

• The maximum magnetic flux density decreased 

All the effects are attributed to the loss of the magnetic field strength with the distance from 

the source of the magnetic field. 

The length of magnet changed mainly the edge effect (Figure 94) - higher flux density is observed 

at the points corresponding to the magnet position. Previously, some works mentioned that a 

higher gradient of magnetic field occurs at the sides of the magnet [79,103]. One of the 

approaches to decrease the influence of the edges on the template is to significantly increase 

the size (width and length) of the magnet compared to the size of the template. However, larger 

magnets can cause more health and safety issues and make the experiment set-up more 

complex.  
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The thickness of the magnet was also varied (Figure 95, A). The strength of the magnetic field 

increases with thickness of magnet, so the effect of the field on the surface also increased. In 

general, this has the opposite effect to increasing distance from the magnet.  

The distance between template’s lines was also simulated (Figure 95, B). Larger distances led to 

a more discrete pattern being obtained. The magnetic fields of the template lines overlap if 

positioned too close and superimpose on each other. 

The final simulated template was 20 mm in height in order to decrease the effect of magnet 

edges on the pattern (Figure 96). A longer height would significantly decrease the magnitude of 

the flux density. A larger magnet, a bigger space between lines and a thin substrate were all 

chosen in order to achieve a pattern with a large amplitude. A wave-shaped pattern was 

achieved for both magnetic flux density and the normal flux density gradient. The only concern 

was that the perpendicular position of the magnetic lines as mentioned earlier caused needle-

like magnetic nanoparticle deposition. Therefore, it was decided to change the direction of the 

magnet magnetization to that which was parallel to the substrate (Figure 97). This position of 

the magnet kept the same magnitude of magnetic flux density and gradient of the normal 

magnetic flux density. However, more distinguishable effects on the “edges” are expected. 
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Chapter 7.  Selective metallisation by applying a gradient magnetic field 
7.1 Introduction 

Often, selective electroless plating is achieved by selective surface activation by laser irradiation 

[66,237,238] or  selective catalyst deposition [13–15,54,239]. The distribution of the catalyst 

across the substrate surface affects the quality of the subsequent electroless Cu plated layer.  

According to the literature search (Chapter 1.1.10) the requirements for the catalyst when it is 

selectively deposited are: 

1) The initialized areas should be located close enough to each other in order to obtain 

continuous plating [54,66]. 

2) In order to form a copper track on an insulating substrate copper needs to be plated 

evenly in the required pattern.  Therefore the catalyst should be distributed equally 

across the required surface [18]. 

3) The catalyst nanoparticles should have narrow size distribution, especially when 

selective metallisation is required. The electroless Cu grows isotropically, so large 

catalyst particles will result in large Cu growth which can compromise the pattern 

[170,240]. Catalyst agglomerates can also lead to higher roughness of the deposited 

layer [68]. 

In the present work catalyst distribution was also affected by the magnetic field. The magnetic 

field causes particle agglomeration [113,241]. Also, the attracted particles can form 3D 

structures on the surface due to the nature of the attractive forces [108]. The magnetic field can 

also affect the even distribution of the catalyst across the surface. 

The magnetic template was simulated and made as described in Chapter 6.3. The following 

catalysts were studied: 

S1-3 – the Fe3O4-Ag nanocomposite was synthesised without surface functionalization (Chapter 

4.2).The particles were dispersed in water for 30 min and filtered.  

S3 – Fe3O4-Ag composite was functionalized with PVP (Chapter 4.3). The particles were dispersed 

for 30 min in water by ultrasonication. 

S4 – Fe3O4-Ag composite was functionalized with arginine (Chapter 4.3). The particles were 

dispersed for 30 min in water (S4) or 0.01M HCl solution (S4 pH2) by ultrasonication. 
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S5 – Fe3O4-SiO2-Sn-Ag composites (Chapter 4.3). The particles were dispersed for 30 min in water 

by ultrasonication and filtered. 

According to the results obtained in Chapter 6 a 0.4 mm thick substrate is required in order to 

obtain a gradient magnetic field on the substrate surface. An unclad laminate of required 

thickness was used in the current chapter.  

The condition of the substrate surface is important for the adhesion of the electroless Cu plating 

layer. The adhesion of the deposited layer is a result of chemical and mechanical interactions 

[175]. Chemical interactions arise from the electrochemical and covalent bonding of substrate 

with depositing metal and catalyst. The mechanical interactions appear due to the increased 

surface area of contact between the laminate and metal as well as interlocking of the catalyst 

and deposited metal in the substrate cavities. 

When the unclad epoxy laminate was used as a substrate, a pre-treatment was required in order 

to increase surface roughness [175,242,243]. The treatment of the substrate was conducted 

according described in the Chapter 2.5.   

In order to place the magnetic template and magnet behind the substrate, a cell was made 

(Chapter 2.5). The purpose of the cell was: 

1) To protect the template and the magnet from the electroless Cu plating solution. Cu 

plating solution operates at basic pH and elevated temperature (46 oC) which causes 

steel corrosion.  

2) To secure the substrate-template locations. In order to accurately replicate the pattern 

on the substrate, the template and magnet should not move during the catalyst 

deposition, washing and electroless plating stages. The cell restricts the movement of 

the magnet and ensures consistent patterning. 

An issue arose from agitation of the electroless plating solution. Agitation is required in 

order to remove the products of the reaction from the reactive sites and supply the 

unreacted species. Agitation affects the speed of deposition and the quality of the deposit 

[6]. In a laboratory setting, magnetic stirring is used in order to provide agitation to the 

solution. However, due to the use of a magnet it is not possible to use magnetic agitation. 

This could potentially move the substrate and the magnet as well as attract the stirrer to 

magnet. 
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Another way to induce agitation is to use overhead stirring, whereby the stirring is initiated 

by the movement of the blades. First the cell was placed in an orientation such that the 

substrate working side was facing up. However, it was observed that due to intensive stirring 

the catalyst was often displaced from the substrate. Therefore, the cell position was 

changed in such a way that the working side of the substrate was perpendicular to the 

movement of the stirring blades Figure 98.   

 

 

 

 

 

 
 
 
 
 
 
Figure 98. Schematic presentation of the cell position in the solution. The substrate positioned 
horizontally up-face (left) or vertically (right). 
 

7.2 Substrate preparation 

 

The unclad epoxy laminates as received or after swell-and-etch treatment were analysed by 

SEM. According to the images, the morphology of the laminate changed after the treatment. 

The cavities were made on the substrate surface after swell and etch treatment (Figure 99, A, 

C). 

The electroless copper was deposited on the laminate as received or after the treatment. The 

Pd/Sn catalyst was used prior to the electroless metal plating. The deposited electroless copper 

film had better adhesion to the treated substrate than the untreated one (Figure 99, B, D). 

However, even when deposition was conducted after the treatment, deposited copper film had 

blisters.  
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Figure 99. A, C - SEM images of unclad laminate; B, D – photographs of laminate after the adhesion testing 
of electroless Cu plating; A, B - the unclad laminate as received; C, D – the unclad laminate after swell-
and-etch treatment. 
 
 
 

7.3 Catalyst patterning 

As was described in Chapter 6, the parallel arrangement of the magnet to the substrate was 

tested. However, no particle attraction was observed at the central part of the substrate 

therefore all following experiments were performed with a perpendicular arrangement of the 

magnet – the template was placed on the north or south pole of the magnet. 

An image of a typical substrate after catalyst deposition is shown at Figure 100, A. All of the 

tested catalysts deposited in straight parallel line patterns (Figure 101, A-D), which followed the 

magnetic flux density distribution defined by the magnetic template Figure 100, B. The visible 

circular features on the substrate are the substrate glass fibres exposed due to the swell-and-

etch substrate pre-treatment. The width of the lines differed within each sample – the lines 

going through the centre were narrower than those located near the substrate edge. However, 

no significant change in the width was observed along the length of the line. The observed effect 

is due to the edge effect of the magnetic field, which results in the magnetic flux density being 
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10 mm 

higher at the edges than the centre of the template. The larger magnetic flux density results in 

thicker patterned lines at the edge. The presence of the agglomerates is clear for the deposited 

catalysts S3 and S4 pH7. Less agglomerates appeared when the S4 pH2 catalyst was deposited 

and almost none appeared when catalyst S5 was deposited. 

 

 

 

 

 

 

Figure 100.  Photographs of A - a typical substrate with deposited magnetic catalyst in the shape of parallel 
lines; B – a steel template for patterning of the magnetic field. 

 

 

 

 

 

 

 

 

 

 

 

Figure 101. SEM images of the deposited catalyst A – S3; B – S4 pH7; C – S4 pH2, D – S5 
 

7.4 Selective electroless Cu plating with catalyst S1-3 

The electroless plating which followed the substrate activation by the S1-3 catalyst was not 

reproducible.  The repeats are shown in Figure 102. Using the same experiment conditions, 
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resultant electroless plating varied from no plating to finely-deposited copper lines. This was 

due to the low stability of the colloid which was discussed in Chapter 5. This meant that during 

deposition the processes of sedimentation and agglomeration occurred within the dispersion, 

which affected the reproducibility of the experiment. This resulted in differential catalyst 

distribution on the substrate surface from sample to sample and affected the subsequent 

electroless plating. Due to the low reproducibility the catalyst was not investigated further. 

 

 

 

 

 

 

Figure 102. Electroless Cu deposited after surface activation with catalyst S1-3; A and B samples represent 
repeats of the same procedure.  
 

7.5 Selective electroless Cu plating obtained after surface activation with catalyst S3 

The catalyst first was deposited for 15, 30 and 60 sec and analysed by SEM (Figure 103, A-C). 

Large agglomerates were present in all cases of deposition. Bare substrate surface is visible after 

15 sec catalyst deposition, while at 30 and 60 sec deposition the substrate seems entirely 

covered. 

Electroless plating was carried out after the catalyst depositions (Figure 103, D-F). There was no 

plating obtained at the centre of the substrate when the substrate was activated by catalyst S3 

for 15 (Figure 103, D) and 30 sec (Figure 103, E). The 60 sec activation resulted in plating at the 

central part of the substrate, although the plating was non-continuous (Figure 103, F, G). 

According to the SEM images the surface coverage with catalyst increased with longer time of 

catalyst deposition.  

As was shown previously the nanoparticles contained a low amount of the catalytic component 

(Ag). This lead to an absence of copper plating when a short time of catalyst deposition was 

used.  
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Figure 103. A-C – SEM images of substrate with deposited S3 catalyst for A – 15 sec, B – 30 sec, C – 60 sec; 
D-F – photographs of substrate with deposited catalyst in line pattern for D – 15 sec, E – 30 sec, F – 60 
sec; G – electroless Cu plated after 60 sec surface activation with S3 catalyst. 

 

7.6 Selective electroless Cu plating with catalyst S4 

The S4 catalyst deposited for 15 sec did not cover the surface entirely (Figure 104, A), though 

both large agglomerates (above 4 µm) and small particles (below 1 µm) were clearly present on 

the surface. After the longer catalyst deposition time for 30 (Figure 104, B) and 60 sec (Figure 

104, C) more catalyst was observed on the substrate surface and more agglomerates were 

present.  

Selective metallisation was achieved in the samples activated for 15 (Figure 104, D) and 30 sec 

(Figure 104, E). Almost no deposit was achieved when samples were catalysed for 60 sec (Figure 

104, F). The deposit in first two cases was not continuous, which is similar to the results obtained 

when catalyst S3 was used. 

The presence of large agglomerates of catalyst caused non-continuous Cu plating in the case of 

both S3 and S4. The effect of the agglomerate on the Cu plating is schematically presented in 

Figure 105. Larger catalyst particles cannot be trapped by surface cavities, while plated Cu 
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usually does not contact with the substrate surface which results in low adhesion of the layer 

and its removal during washing.  

 

Figure 104. A-C – SEM images of substrate with deposited S4 catalyst for A – 15 sec, B – 30 sec, C – 60 sec; 
D-F – photographs of substrate with deposited catalyst in a line pattern for D – 15 sec, E – 30 sec, F – 60 
sec; SEM images of electroless Cu plated after surface initialization with S4 catalyst for G – 15 sec, H – 30 
sec.  

 

 

 

 

 

 
Figure 105. Schematic representation of electroless Cu plating after surface activation with monodisperse 
catalysts (left) and agglomerates of catalyst (right) to show a possible mechanism for a non-continuous 
copper deposition.  
 

7.7 Selective electroless Cu plating with catalyst S4 pH2 

More continuous electroless plated Cu lines were obtained when using the S4 pH2 catalyst. 

According to the SEM images (Figure 106, A-C), the catalyst deposited on the surface had less 

10 mm 10 mm 10 mm 
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agglomerates which improved the quality of the deposited Cu layer. The agglomerates were 

observed on the surface only after 60 sec catalyst deposition (Figure 106, C). 

 

 

 

 

 

 

 

 

 

 

Figure 106. A-C – SEM images of substrate with deposited S4 pH2 catalyst for A – 30 sec, B – 60 sec, C – 
90 sec; D-F – photographs of substrate with deposited catalyst in a line pattern for D – 30 sec, E – 60 sec, 
F – 90 sec; SEM images of electroless Cu plated after surface activation with S4 pH2 catalyst for G – 30 
sec, H – 60 sec, I – magnified image H, J - 90 sec. 
 

The photographs of subsequent selective electroless copper deposits are presented at Figure 

106, D-F. The electroless copper deposited after 30 sec of surface catalyst deposition was not 

continuous and island-like plating was obtained (Figure 106, D, G). Continuous lines were 

obtained with a deposition of time of 30 sec (Figure 106, E, H, I) at the edge of the substrate 

where the flux density was higher. It was expected that increasing the time of catalyst deposition 

would have the same effect as increasing the magnetic flux density. However, when the time of 

catalyst deposition was increased, catalyst agglomerates were deposited which lead to non-

continuous plating (Figure 106, F, J). The longer the particles were exposed to the magnetic field 

the more agglomerates formed [241], which resulted in the presence of more agglomerates 

when catalyst was deposited for 90 sec. 

7.8 Selective electroless Cu plating with catalyst S5 

Catalyst S5 was deposited on the substrate surface without forming agglomerates larger than 2 

microns (Figure 107, A-C). There was no deposit obtained after 15 sec surface activation (Figure 
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107, D). Electroless Cu plating was obtained after 30 sec (Figure 107, E, G) and 60 sec (Figure 

107, F, H) surface activation. A continuous Cu layer was obtained after 60 sec activation.  

 

 

 

 

 

 

 

 

 

 

 
Figure 107. A-C – SEM images of substrate with deposited S5 catalyst for A – 15 sec, B – 30 sec, C – 60 sec; 
D-F – photographs of substrate with deposited catalyst in line pattern for D – 15 sec, E – 30 sec, F – 60 
sec; SEM images of electroless Cu plated after surface activation for G - 30 sec, H – 60 sec. 

 

The quality of the deposit varies across the sample. The electroless Cu plating differed from line 

to line (Figure 108) and within one line (Figure 109). This was due to the differences in magnetic 

flux density from line to line and across one line – the flux density increased closer to the 

substrate edge. For example, the line thickness is 700 µm for the line at Figure 108, C and the 

thickness of the line at Figure 108, F is only 400 μm. The resistance of the lines depicted in Figure 

108, F, E was measured by multimeter and found to be 0.04 Ω, which is comparable with that 

reported by other works [158]. 

The lines located near the edge of the magnetic template have a needle-like deposit at the edges 

of the line and non-continuous deposit at the centre (Figure 108, A-C). This corresponds to case 

3 in Figure 110. Due to high magnetic flux density, the catalyst overloaded the central part of 

the line. Therefore, deposited Cu had low adhesion and was removed during washing. The lines 

located closer to the centre had a needle-like structure at the middle of the line (Figure 108, D, 

E; Figure 109, A, B, D). The area is still overloaded with catalyst but this is not as extreme as at 
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the edges and resulted in needle-like Cu deposition (Figure 110, case 2). Closer to the centre, 

smooth continuous lines were obtained (Figure 109, E, Figure 110, case 1). 

 

 

 

 

 

 

 

 

 

 

 

Figure 108. A-F – SEM images of the deposited Cu plated lines corresponding to the places depicted in 
image G – the photo of the substrate with selectively deposited Cu. 

 

 

 

 

 

 

 
 
Figure 109. A, B, D, E –SEM images of the Cu plated lines corresponding to the area highlighted at image 
C from top to bottom respectively, C – photo of the selectively deposited electroless Cu. 
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Figure 110. Schematic 
representation of 
electroless Cu plating 
after surface activation 
with differing magnetic 
field influence. 

  

 

 

7.9 Discussion 

All tested catalysts were patterned in the shape of parallel lines (Figure 101), however the 

quality of subsequent electroless Cu plating was significantly different across the samples.  

The deposition of S1-3 catalyst was not reproducible (Figure 102) which is probably due to the 

absence of any functional layer on the particle surface that leads to non-stabilized particles in 

dispersion. 

Use of both the S3 (Figure 103) and S4 (Figure 104) catalysts resulted in non-continuous Cu 

plating which was due to the presence of catalyst particle agglomerates. The agglomerates 

affected the continuity of the plating and island-like plating (i.e. a non-continuous film) was 

obtained. Both S3 and S4 catalysts were not filtered which resulted in large amounts of 

agglomerates.  

The use of both the S4 pH2 (Figure 106) and S5 (Figure 107) catalysts resulted in formation of 

continuous lines. When the S4 pH2 catalyst was used, continuous lines were obtained at the 

edges of the substrate where the magnetic flux density was higher than at the centre. Both 

catalysts were deposited for 60 sec and did not have large agglomerates. 

The 2D simulation of the distribution of magnetic flux density on the substrate surface showed 

that at magnetized areas, the flux density was of similar strength (Figure 96). However, in 

practice, the flux density varied enough to affect the quality of the catalyst deposition and 

subsequent electroless Cu plating. 

The best selective deposition was obtained by using S5 catalyst which has a structure: Fe3O4-

SiO2-Sn-Ag. The catalyst was stabilized due to Sn2+ ion repulsion which occurs as a result of 

electrostatic forces. Amongst all functionalised catalyst particles obtained in the present work, 

the S5 catalyst had the lowest potential of formaldehyde oxidation which was investigated in 

Chapter 4.4. The main distinction from other investigated catalysts is that the S5 did not form 
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large agglomerates when deposited (Figure 101), which resulted in the subsequent continuous 

plating. The thickness of the line at the centre of the pattern was 400 μm. The line plating is still 

not entirely homogeneous - large copper grains can be observed on the surface (figure 108, F). 

These could possibly be attributed to the unequal distribution of catalyst on the surface, which 

should be avoided. The lines located further from the template centre had more defects 

including growth of needle-like structures and non-continuous plating (Figure 108, Figure 109).  

Regardless of the type of deposited catalyst particles, a common trend was observed between 

samples. The quality of the electroless copper was dependent upon the catalyst distribution 

across substrate surface. Firstly, when the distance between catalyst particles was too large, the 

plated copper did not form a continuous film (Figure 104, A, G, Figure 106, A, G). This was also 

previously reported in the literature and was discussed in the Chapter 1.1.10. Secondly, the 

electroless copper often lacked adhesion to the substrate. This was observed when 

agglomerates of the catalyst nanoparticles or excess catalyst was deposited. Usually, electroless 

deposited copper has either chemical or mechanical adhesion to the substrate surface. Chemical 

adhesion can be achieved by surface functionalisation, which was not investigated in this work. 

Mechanical adhesion is usually enhanced by the roughness of the surface so the deposited film 

can be mechanically interlocked. It was demonstrated in Figure 99 that electroless copper 

deposited by the standard procedure had weak adhesion to the non-treated laminate, which 

enhanced after swell-and etch pre-treatment of the substrate. When excess catalyst or catalyst 

agglomerates were deposited on the substrate, the subsequent electroless copper deposited 

only on the top layer of the catalyst. The copper did not grow enough to make contact with the 

surface of the substrate. The catalyst was held on the substrate due to the attraction to the 

magnetic field. When the magnetic field was removed neither catalyst nor deposited copper had 

any adhesion to the substrate and therefore both were removed from the substrate surface 

during washing (Figure 103, C, F, G, Figure 104, C, F).  

Finally, needle-like plating was also obtained in some samples (Figure 106, Figure 108). The 

needles formed due to the aggregation of catalyst along the magnetic field lines. Formation of 

needles was absent at the areas with weaker magnetic field strength.  

In order to improve the quality of the pattern, the magnetic steel template should be modified 

to provide equal field gradients at the required parts of the substrate. The agglomerates should 

be removed from the catalyst nanoparticle dispersion. In addition, the parameters of catalyst 
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deposition should be investigated and optimised by varying the concentration of the catalyst, 

time of catalyst dispersion in water and the time of catalyst deposition on the substrate surface. 
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Chapter 8. Conclusion and future work 
 

The present work showed that it is possible to obtain selective electroless Cu plating by applying 

a gradient magnetic field if a magnetic catalyst is used instead of the standard Pd/Sn catalyst. 

The proposed approach to selective metallisation does not require the photolithography 

process. The desired pattern can be obtained during the electroless plating process. A 

comparison of photolithography and selective metallisation by magnetic field application is 

presented at Figure 111. 

 
 
 
 
 
 
 
 
Figure 111. A comparison of the photolithography process with selective metallisation obtained by a 
application of a gradient magnetic field. 

 

In this research the following aspects were investigated:  

• Catalysts consisting of Fe3O4 magnetic nanoparticles and Ag catalytic nanoparticles for 

electroless plating process were studied. All particles were synthesised from aqueous 

solutions at a temperature below 100 oC and normal pressure. The following 

nanoparticles were obtained: non-functionalised Fe3O4-Ag, PVP-functionalised Fe3O4-

Ag, arginine-functionalised Fe3O4-Ag and Fe3O4-SiO2-Sn-Ag. All obtained particles had 

magnetic properties – they can be attracted by a magnet and are also catalytic towards 

formaldehyde oxidation according to the CV analysis. 

• Possible ways of achieving a gradient magnetic field on the substrate surface were 

investigated. The gradient magnetic field was introduced by placing a single magnet and 

by securing the magnet with a steel template. Subsequently, the magnetic field 

distribution was simulated by using FEMM software and the corresponding template 

with simulated dimensions was fabricated. In addition, the holder for magnet, steel 

template and substrate was fabricated in order to protect the magnet and steel 

template from solution exposure. 

• The synthesised magnetic catalyst was deposited selectively by using a single magnet 

with the steel template. It was found that if the catalyst deposited for a certain time 

- catalyst 
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(depending on the type of the catalyst), needle-like agglomerates of the catalyst 

particles formed which followed the pattern of the magnetic field lines. Also loosely-

adherent catalysts can be displaced from the areas where the magnetic field is applied 

during the electroless copper plating process. It was found that due to the magnetic field 

“edge” effect, the distribution of the catalyst was not uniform across the whole area 

where the magnetic field was applied. 

• Copper deposition experiments were performed using the magnetic field template. 

Defects in the copper selectively deposited in the magnetic field were further discussed  

and attributed to excess deposited catalyst (low adhesion) and the presence of 

agglomerates (low adhesion, non-continuous plating). Needle-like plating was also 

observed at the areas with higher magnetic intensities, as was also observed with use 

of a single magnet. 

• Selective electroless copper plating was obtained by applying a gradient magnetic field 

and by using magnetic catalyst particles. Continuous lines with width 400 µm were 

obtained by using the Fe3O4-SiO2-Sn-Ag catalyst particles. The resistance of the lines was 

measured as 0.04 Ω. 

In order to improve the quality of the deposited electroless copper, reduce the feature size of 

the deposited pattern and enable deposition of more complicated patterns, the following work 

should be performed: 

• Continue investigation on the magnetic catalyst. The catalysts obtained in the present 

work did not have a narrow size distribution and/or had a composite structure, which 

makes the properties of the particles vary within each sample. Particles with core-shell 

structures and narrow size distribution should be tested for selective electroless plating 

applications. In addition, the composition of the particles was not varied in the present 

work. First of all composites with palladium instead of silver nanoparticles should be 

tested as palladium is usually reported to have higher catalytic activity for electroless Cu 

plating process than silver. In addition, the magnetic material can be changed in order 

to tune the magnetic properties of the particles and make them more or less responsive 

to the applied magnetic field. 

• Improve stability of dispersed catalysts. The catalysts that were studied in this work had 

some agglomerates still present after dispersion. This affected the quality of the 

deposited electroless copper. Therefore, more work should be done to improve particle 
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dispersion. Other methods of particle dispersion could be studied for example ball 

milling and high pressure homogenization. There has been little work done on the 

optimisation of dispersion preparation parameters. The time of ultrasonication, 

concentration of the particles in the dispersion and temperature can all be varied. Also, 

additives can be used to stabilize the particles. Particle deposition from as-synthesised 

dispersions of nanoparticle should also be attempted.  

• The method of gradient magnetic field application should be also studied. Gradient 

magnetic fields can be achieved by using, for example, magnet arrays but this was not 

attempted in the present work. The simulation of the magnetic field distribution across 

the sample surface should be studied in 3D. More simulations should be performed in 

order to attempt creation of more complex magnetic field patterns on the substrate 

surface.  

Also the developed approach of selective electroless metal deposition should be tested on other 

non-conductive materials (e.g. glass, ceramics, fabric) and with other metals deposited from 

electroless baths e.g. Pt, Pd and Ag. In the case of Ni-P, Ni-B, Co and Fe electroless plating, the 

effect of a magnetic field on the quality of the electroless plating should be studied first. 
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