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ABSTRACT 

New electrochemical methods were developed to fabricate superparamagnetic 

organic-inorganic nanocomposites. The methods were based on the electrosynthesis of y­

Fe203, Mn30 4 and NiFe20 4 in situ in a polymer matrix. Various composite materials were 

developed using new electrochemical strategies, which were based on the use of strong 

and weak polyelectrolytes and polymer-metal ion complexes. The deposited films were 

studied by XRD, TG, DTA, SEM and AFM. The results show that cathodic deposits with 

thickness of several microns can be obtained on various conductive substrates. The results 

reveal that the weight percentage of inorganic phase in the deposits reduced with the 

increase of the polymer concentration in the electrochemical bath solution. 

The particle size distribution was measured by HRTEM and evaluated by theoretical 

models interpreting the magnetic measurement data. The two methods are in good 

agreement with each other. The results show that the average particle sizes of Mn30 4 and 

y-Fe20 3 can be adjusted by the selection of polymers with different functional properties, 

the polymer concentration in the solutions and annealing temperatures. The particle size 

distribution in the developed composites followed the lognormal distribution. A double­

lognormal distribution was required to interpret the magnetization data of the system 

containing strong interparticle interactions, and to interpret the double-peak phenomenon 

observed in the imaginary part of the susceptibility in some nanocomposites. 

DC magnetization and AC susceptibility measurements were used to study the 

relationship between the magnetic properties .and the average particle size by studying the 
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superparamagnetic behavior and ferrimagnetnc phase transitions of y-Fe20 3 and Mn304 

nanoparticles in the temperature range of 2 K - 300 K. The results show that the blocking 

temperature T 8 is mainly controlled by the average particle size of the nanoparticles, and 

increasing the average particle size results in an upward shift of the T 8 . One observes no 

frequency dependence of T8 , which indicates strong interparticle interaction in the 

nanoparticle assembly, in agreement with the structural results. The results revealed 

superparamagnetic behavior in Mn30 4 nanoparticles below the ferrimagnetic Nee) 

temperature TN, and that T 8 was identified by a peak in the temperature lower than the 

ferrimagnetic transition peak marked by TN in the AC measurement. It is found that both 

T8 and TN of Mn304 depend on the average particle size, and reducing the average 

particle size of Mn30 4 from 3.5 nm to 2.8 run results in a shift ofT8 from 14 K to 7 K, 

and TN from 36 K to 31 K (bulk Mn30 4 TN= 42 K) 
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INTRODUCTION 

The research objective of the current work is dedicated to the synthesis and 

characterization of superparamagnetic organic-inorganic nanocomposites. The broad aim 

of this work is to develop new electrochemical methods to fabricate superparamagnetic 

organic-inorganic nanocomposites and to nderstand the correlation between their 

structure and the functional properties. 

Materials with particle size in the range of 1 - 100 run exhibit novel electronic, 

optical, magnetic, and chemical properties [1 , 2]. Magnetic nanoparticles have 

widespread applications in numerous areas, e.g., in ferrofluids, audio speakers, magnetic 

seals; in biological and biomedical science as biosensors [3, 4], magnetic targeted drug 

delivery, contrasting agents in magnetic resonance imaging; in magnetic storage media 

[5] and in color imaging [6] . The study of the properties of these systems is of 

fundamental importance in terms of the underlying theory, as well as the applications of 

these materials. 

However, for most of these highly specialized applications, there is a practical need 

to disperse the nanoparticles in nonmagnetic media. This media must prevent the 

nanoscale magnetic materials from aggregating. Polymer materials are very well suited 

for these purposes. 

Polymers have traditionally been considered as excellent host matrix for composite 

materials [7-11]. Several advanced polymer composites have been synthesized with a 

wide variety of inclusions like metals, semiconductors, carbon nanotubes, and magnetic 

nanoparticles. Many attractive properties of polymers like low density, and transparency 
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in optical and ultraviolet range, can be utilize along with magnetic and optical properties 

of nanoparticles. Another effect of these polymer hosts is that they can provide control of 

the magnetic interactions between particles. 

Cathodic electrolytic deposition is an important technique for the fabrication of 

oxide/hydroxide films. The electrochemical intercalation of inorganic nanoparticles into 

polymer films is a new strategy for the fabrication of novel nanocomposite materials, 

containing magnetic nanoparticles in a polymer matrix [7-9]. The advantages of 

electrodeposition are short processing time, process simplicity, good compositional 

control and homogeneity. This method produces nanoparticles in situ in a polymer matrix, 

and the particle size can be controlled by the amount of polymer. 

The thesis is organized into five sections including: Literature Review, Experimental 

Procedures, Experimental Results, Discussion and Conclusions. The thesis consists of six 

chapters, specifically focused on the following subjects. The first two chapters are 

devoted to the literature review: Chapter One on the fundamentals of the magnetic 

nanoparticles, and Chapter Two on the fundamentals of electrodeposition. In Chapter 

Three "Experimental Procedures", our experimental approaches to the present research 

are laid out. In Chapter Four "Experimental Results", the detailed experimental results for 

some selected materials, containing different polyelectrolytes, are summarized. In 

Chapter Five "Discussion", the effects of polyelectrolytes on the microstructure, the 

influence of the microstructure on the magnetic properties and some proposed models of 

magnetic nanoparticles will be discussed . Conclusions and future work suggestion are 

presented in the Chapter Six. The references are listed at the end of the thesis. 
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CHAPTER 1 


FUNDAMENTALS OF MAGNETIC NANOPARTICLES 


This chapter reviews the fundamentals of magnetic nanoparticles. At the beginning, a 

short introduction to some concepts of magnetism and magnetic materials is provided. 

Then, the single-domain particles, magnetic anisotropy and some theoretical models to 

interpret the magnetic properties of nanoparticles are discussed. At the end of this 

chapter, some fabrication methods of magnetk nanoparticles are surveyed. 

1.1 Magnetism and magnetic materials 

1.1.1 Magnetic Units and Nomenclature 

There are two magnetic units systems idely used in the scientific references and 

textbooks. One is Gaussian & cgs units which are very popular among researchers 

involved in studying tills subject, and the other is SI units which are commonly used in 

the textbooks. 

It is known that every material acqmre~; a magnetic moment when it is put in a 

magnetic field , H. The magnetic moment per unit volume is defined as the magnetization 

M. The magnetic flux density, called magneti1~ induction B can be written in the Gaussian 

& cgs units system as [12]: 

B =H+47!M (1.1) 

Magnetic induction B in the SI units system is expressed as: 

B = J..lo(H+M), where Jl<l = 4nx 1o-7 Henries/meter. (1 .2) 

3 
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In the Gaussian & cgs system, the units for the flux density B and the field strength H 

are given by Gauss (G) and Oersted (Oe) respectively, although they have exactly same 

dimension, which means 1 G = 1 Oe. The magnetization M of the material contributes to 

the flux density as 4nM. No special name is given for the unit of M , so the name 

"electromagnetic unit of dipole moment" per unit volume or emu/cm3 is used, called 

volume magnetization. Often 4nM is specified instead of M , and then it is measured in 

Gauss as flux density B. IfM (emu/cm3
) is divided by the density (g/cm3

) ofthe material, 

it is known as mass magnetization, and measured by emu/g. The term emu is short for 

'electromagnetic unit' and is not a unit in the conventional sense. It is sometimes used as 

a magnetic moment (1 emu= 1 ergG"1
) and sometimes takes the dimensions of volume (1 

emu= 1cm\ 

In the SI system, the units for the flux density B (Tesla, T, equal to Vs/m2
, or Wb/m2

) 

and for the field strength H (Aim) have clearly different dimensions. The volume 

magnetization M (Aim) has the same dimension as H. The unit of magnetic moment is 

Am2
, or Nm/T (J/T) by definition. 

We used cgs units to be consistent with the references and our experimental data, and 

keep in mind that they can be easily converted to SI units. 

1.1.2 Magnetic ordering and classification ()Jf magnetic materials 

Based on the magnetic behaviour in the presence and absence of an external magnetic 

field, the magnetic properties of materials can be classified into five major groups: 

diamagnetism, paramagnetism, ferromagnetism, ferrimagnetism, and antiferromagnetism. 

4 
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In diamagnetic materials, the magnetic moment is zero for each atom unless the 

magnetic field is applied. The induced magnetization is opposite to the field , which gives 

a negative susceptibility in the order of 10-5 (in CGS units). Superconductors form 

another group of diamagnets for which sw;ceptibility x :::::: -1. Most elements in the 

periodic table are diamagnetic, for example Cu, Au, Ag, and Bi, all the inert gases [13]. 

In paramagnetic materials, there is non-zero magnetic moment for each of the atoms, 

which is not caused by, and is independent of the magnetic field . In the absence of an 

applied field, the magnetic moments of the individual atoms are randomly oriented, so 

that their average is zero. An applied field will partially align the magnetic moments with 

3the magnetic field. It has a positive susceptibility in the order of 10- to 10-5 (in CGS 

units). 

In ferromagnetic materials, unlike the paramagnetic ones, the magnetic moments of 

the individual atoms interact strongly with each other, and the moments align with each 

other. This interaction is called exchange interaction, which can be expressed as an 

exchange energy between spinS; and~· E.x ==-L 'JiJSiSJ. The coefficients JiJ are called 
ij 

the exchange integrals. JiJ is positive in ferromagnetic materials, which means parallel 

spins are preferred, and have a lower energy than antiparallel ones [12]. This parallel 

arrangement results in a non-zero magnetization, or called spontaneous magnetization 

even in zero applied field. 

In antiferromagnetic and ferrimagnetic materials, the exchange integral JiJ is negative, 

and it tends to align the neighbouring magnetic moments of atoms antiparallel to each 

other. The exact cancellation of the opposite moments results in zero net magnetization, 

5 
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which is called anti ferromagnetism. A partial cancellation of the magnetic moment leads 

to a non-zero magnetization in the zero applied field , which is called ferrimagnetism. 

Among them, diamagnetic and paramagne;tic materials exhibit no collective magnetic 

interactions and are not magnetically ordered. Ferromagnetic, ferrimagnetic and 

antiferromagnetic materials exhibit long-range magnetic order below a certain critical 

temperature and are described as magnetically ordered materials. 

1.1.3 Magnetic domains 

A magnetic domain defines a region within a material which has spontaneous 

magnetization. This means that the individual magnetic moments of the atoms are aligned 

within a magnetic domain. The regions separating magnetic domains are called domain 

walls where the magnetization rotates coherently from the direction in one domain to that 

in an adjacent domain. 

Magnetic domain theory was developed by Weiss in 1907 [14]. Weiss assumed that 

there is a certain internal field (molecular field or mean field) in ferromagnets, which tries 

to align the magnetic moments of the atoms against thermal fluctuations. The magnitude 

for the Weiss molecular field Hmf may be estimated from the Curie temperature T c 

because the thermal energy k8 Tc is of the same order of interaction energy JLsHmf, which 

gives Hmf-:::::_ 107 Oe forT~103 K, a value clos(;: to that observed for iron [15] . 

Landau and Lifshitz (1935) [16] showed that the domain structure is a consequence of 

minimizing the total magnetic energy, which includes exchange, anisotropy, and 

magnetostatic energy. The anisotropy in the magnetic nanoparticles is introduced in the 

Section 1.2. 

6 
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Adjacent domains are separated by the domain walls, called Bloch walls, named after 

Felix Bloch [17], who was the first to study the nature of the transition layer. 

The essential idea of the Bloch wall is tha1 the entire change in spin direction between 

domains does not occur in one discontinuous 'ump across a single atomic plane, but takes 

place in a gradual way over many atomic planes, as seen in Fig.1 .1. The exchange energy 

is lower when the change is distributed over many spins. An estimate of the thickness and 

domain wall energy of the Bloch wall was done by Kittel [ 15, 18]. The domain wall 

energy per unit surface area may be estimated as the sum of contributions from exchange 

and anisotropy energies. The thickness of the~ domain wall in terms of the number N of 

atomic planes contained within the wall, and t e total wall energy per unit area crware 

~ JEex (1.3)N=~Kd=-
(janis 

J is the exchange integral and S is the sp·in angular momentum measured in units of 

h/2n; K is the anisotropy constant and a is the lattice constant. In iron, N ~ 300 lattice 

constants ~ 100 nm, and crw~ 1 erg/cm2 
. 
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No 
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Aromlo fi /
Dipole ~~U 

Figure 1.1 Domain wall structure [ 19] 

Further development of domain wall theory was made by Landau and Lifshitz [ 16], 

Neel [20], Herring and Kittel [15, 21]. 

1.1.4 Magnetic transitions 

The temperature dependence of the susceptibility of a typical paramagnet is given by 

the Curie law [22]. 

C NJ(J +1) z 
X= T , and C = Jk (g)l 8 ) (1.4) 

8 

where C is the Curie constant, J is the angular momentum quantum number, N is the 

number of paramagnetic atoms per unit volume, g = -2.002 is the electron g-factor, llB is 

the Bohr magneton, and k8 is the Boltzmann constant. 

Ferromagnetic materials become paramagnetic above the Curie temperature, when 

thermal oscillations in the material are strong enough to overcome the exchange energy 

between aligned moments. Weiss assumed an internal molecular fie ld in the ferromagnet 

[22]: 

(1.5) 

8 




Ph.D. thesis-JCao McMaster - lvlaterials Science and Engineering (2008) 

where Nw is the Weiss coefficient. 

For temperatures above the ferromagnetic Curie point, the susceptibility can be 

expressed by the Curie-Weiss law [22]: 

c 
(1.6)x= r-e 

where 8 = NwC is the paramagnetic Curie point. 

/

t 
><.._-

T-­
Figure 1.2 Temperature dependence of the inverse susceptibility of a ferromagnet above the ferromagnetic 

Curie point T1, eis the paramagnetic Curie point [22] 

The deviation from the Curie-Weiss law is usually observed in the neighbourhood of 

the Curie point, as shown in Fig.1.2. The inte1rcept of the linear part of the curve with the 

T-axis is just 8, which does not coincide with Tr, the ferromagnetic Curie point [22]. 

Antiferromagnetic or ferrimagnetic materials become paramagnetic above the critical 

temperature, which is called the Nee! temperature. Nee! extended Weiss's molecular field 

theory of ferromagnetism, and proposed the two antiparallel magnetic sublattices model 

for the antiferromagnetic and ferrimagnetic materials. The molecular field HmA or Hm8 

acting on an atom at the sublattice A orB may be written in analogy with Eq.1.5 as [22, 

23] : 

9 
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Then, if a field H is also applied, the field HA and H8 at an atom on the A and B 

lattice, respectively, are given by [22] 

(1.8 a) 

(1.8 b) 

In the case of antiferromagnetism, since the same type of atoms occupy the A and B 

lattice sites, N AA = N88 = N;; and N AB = N 8A . NAs is positive because the interaction 

between nearest neighbours is antiferromagnetic. On the other hand, N i may be positive, 

negative, or zero, depending on the particular material. 

Above the Nee) temperature, the sublattice magnetizations induced by the applied 

field are given by: 

(1.9 a) 

(1.9 b) 

NJ(J +1) 2 
where C = (g)l 8 ) 

3k8 

Hence the antiferromagnetic susceptibility [22] 

=M = M A +MB = c
X ( 1.1 0)

H H T+8' 

10 
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Eq 1.10 is the generalized Curie-Weiss law. 

In the case of ferrimagnetic material, NAB = N 8A as before. However, N M * N 88 

since the sublattices are inequivalent. 

Above the Neel temperature, the sublattice magnetizations induced by the applied 

field are given by [22] : 

(1.11 a) 

M =CB H (1.11b)
B T B 

The ferrimagnetic susceptibility xis more conveniently described in its inverse form 

[22]. 

1 T 1 a 
-=-+---- (1.12a) 
X C Xo T-0 

(1.12 b) 

(1.12 c) 

(1.12 d) 

11 
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1/x 

T0 

Figure 1.3 Temperature dependence of the inverse susceptibility of a ferrimagnet above the Nee! 
temperature (TFN) according to the molec.ular field theory . (dashed line is the asymptote of 
the hyperbola, e is paramagnetic Curie point) [22] 

As shown in Fig.1.3, the graphical representation of Eq 1.12 is a hyperbola. Its 

asymptote T---+ oo is given by [22] 

1 T 1 
-=-+-	 (1.13) 
X C Xo 

Defining 9 =	~ as the paramagnetic Curie point, Eq .1.13 may be written as 
Xo 

x= ___!;____. This is again the Curie-Weiss law (Eq.1 .1 0). 
T+9 

The ferrimagnetic Nee! temperature TFN can be obtained from Eq.1.14 as [22]: 

(1.14) 

1.1.5 Spinel ferrites 

Spinel structure is named after a natural occurring mineral spinel MgAh04 [24]. The 

unit cell consists of eight molecules of MO·N20 3• The 32 oxygen ions form a face-

centered cubic lattice, which include 64 tetrahedral (A sites) and 32 octahedral interstices 

12 
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(B sites). The cations occupy only 24 of the interstitial positions, of which there are two 

distinctly different types [22] . 

Figure 1.4 A part of the spinel lattice. The large sphert;s represent oxygen ions, the small light spheres ions 
in tetrahedral (A) sites and the small dark spheres ions in octahedral (B) site [22]. 

In a normal structure, the eight divalent (M) ions occupy the A sites and the 16 

trivalent (N) ions occupy the B sites, such as MgAh04, FeCr20 4, ZnAh04• 

In a inverse structure, the A sites are occupied by eight trivalent (N) ions, and the B 

sites by eight divalent (M) ions and eight trivalent (N) ions, such as Fe30 4, NiFe20 4, 

A mixed structure of normal and inverse: spinels occurs when a certain fraction of 

trivalent ions occupy A sites while the other fraction occupy the B sites, such as 

The interaction between the ions on thte sublattices A and B sites are through 

superexchange. The theory of superexchange interaction was first introduced by Kramers 

[25] , and further developed by Anderson [26] and others. It is an indirect exchange 

interaction which the magnetic atoms strongly interact magnetically with each other 

13 
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through the intervening non-magnetic ions. In the spinel structure, the superexchange 

interaction between two cations via an intermediate oxygen ion is greatest if the three ions 

are collinear and if their separations are not too great [22]. 

Spinel ferrites have the general formula MO·Fe20 3 where M is a divalent metal such 

as Cu, Mg, Co, Ni, Mn, etc. Data for some spinel ferrites are collected in Table 1.1. The 

cations within the brackets are located at B sites, whereas those to the left of the bracket 

are in A sites. These cation distributions are made primarily on the basis of X-ray and 

neutron diffraction measurements. The spin-only values of the magnetic moments 

expected for these distributions are tabulated in Bohr magnetons for the A and B sites. 

The theoretical net moment per formula unit is calculated based on the Neel ' s theory of 

ferrirnagnetism, which is close to the experimental value. 

For the spinels in Table 1.1 , the predicted net moment is reasonably close to the 

observed value. The two normal spinels, ZnFe20 4 and CdFe20 4, do not exhibit 

ferrimagnetism. The deviations in other spinel may arise for several reasons. For 

example, for NiFe20 4 and CoFe20 4 the orbital momentum probably is not completely 

quenched. For CuFe20 4, it is suggested there is an equilibrium distribution of Cu ions on 

A and B sites at a temperature T, which meam; a partly inverted structure [27]. 

14 
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Table 1.1 Saturation moments and Curie temperatures of some spinel ferrites [22] 
Magnetic moments are in Bohr magnetons per formula unit for 0 K 

Net moment 

Moment Moment Theor- Ex peri-

Spinel A Site B Site etical mental Tc (K) 

Zn[Fe2]04 0 5-5 0 Para 


Cd[Fe2]04 0 5-5 0 Para 


Mno.sFeo.2[Mno2Fet s]04 5 5+5 5 4.6 573 


Fe3+[Fe2+Fe3+]04 5 4+5 4 4.1 858 


Fe3+[o t/3Fes/33+]04 5 8.3 3.3 3.2 1020 


Fe[CoFe]04 5 3+5 3 3.7 793 


Fe[NiFe]04 5 2+5 2 2.3 858 


Fe[CuFe]04 5 1+5 1.3 728 


Mgo.tFeo.9[Mgo9Fet .t]04 4.5 5.5 1.0 1.0 713 
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1.2 Magnetic nanoparticles 

1.2.1 Single domain particles 

Multi-domain structure is a result of minimizing the total magnetic energy. This total 

energy includes magnetostatic energy, the exchange and the anisotropic energy as well as 

the domain wall contribution. However, there is a critical crystal size, below which a 

single-domain structure is favourable, since the energy increase due to the formation of 

domain walls is higher than the energy decrease obtained by dividing the single domain 

into smaller domains. 

The study of single-domain magnetic patiicles has been an active fie ld of research 

since the pioneering work of Stoner and Wohlfarth [28] , who studied the hysteretic 

rotation of the magnetization over the magnetic-anisotropy energy barrier under the 

influence of an applied field, and Neel, wh predicted that at nonzero temperature the 

magnetization can overcome the energy barrier as a result of thermal agitation. 

The critical particle size for single domain behaviour has been estimated by Kittel 

[18] Neel [29] and Stoner and Wohlfarth [28, 30]. For typical magnetic materials the 

dimensional limit of a single domain is in the range of 10-800 run, depending on the 

spontaneous magnetization and on the anisotropy and exchange energies. For spherical 

crystals the characteristic radius is given by [31] 

( 1.15) 
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where Ms is the saturated magnetization and Ecr is the total domain wall energy per unit 

area. The critical radius is about 15 nm for iron, 35 nm for Co, 100 nm for NdFeB, and 

750 nm for SmCo5. 

1.2.2 Magnetic anisotropy in the single domain particles 

The term magnetic anisotropy is used to describe the dependence of the internal 

energy on the direction of the spontaneous magnetization of the magnetic nanoparticles, 

which creates "easy" and "hard" directions of magnetization. In bulk materials, 

magnetocrystalline and magnetostatic energies are the main sources of anisotropy. In the 

single domain particles, other kinds of anisotropy can be of the same order of magnitude 

as these main anisotropies, such as surface anisotropy, strain anisotropy and shape 

anisotropy [12, 32]. 

Magnetocrystalline anisotropy 

This term originates from spin-orbit coupling and exhibits the same symmetry as in 

the crystal structure. Two most common symmetries are uniaxial and cubic. 

For uniaxial symmetry, the anisotropy of hexagonal crystal is a function of only one 

parameter, the angle e between the c-axis and the direction of the magnetization. The 

energy is symmetric with respect to the ab-plane based on the experiment, so that odd 

powers of cos8 may be eliminated from a power series expansion for the anisotropy 

energy. The first two terms are given by [12] 

(1.16) 
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where z is parallel to the crystallographic c-axis, and m is a unit vector parallel to the 

magnetization vector. The coefficients K1 and K2 are constants which depend on the 

temperature and can be taken from experiments. In principle the expansion may be 

carried to higher orders, but they are not required, and the K2 coefficient is negligible. 

For cubic symmetry, x, y, z directions are not distinguishable, and cubic crystals are 

the same after rotating the coordinates so that x is replaced by y etc. Again, odd powers 

are ruled out and the lowest-order combination which fits the cubic symmetry is 

m~ +m~ + m; , but this is just a constant. Therefore, the expansion starts with the fourth 

power and is [12]: 

(1.17) 

where the values of K1 and K2 are also taken from experiments, and they also depend on 

the temperature. Cubic materials exist with ei her sign for K 1. For example, K1>0 in Fe, so 

that the easy axes are along (100), while for Ni K1<0, and the easy axes are along the 

body diagonals, (111). 

Magnetostatic self-energy and shape anisotropy 

Magnetostatic self energy originates from the classical interactions among the dipoles, 

and is also the reason for shape anisotropy. It can be evaluated as 

E =-_!_fM·Hdv ( 1.18) 
M 2 

where M is the magnetization, and H is 1he internal field. It may be taken as the 

interaction of each dipole with the internal field H created by the other dipoles, and a 
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factor Yz introduced in order to avoid counting twice the interaction of A with B, and of B 

with A. 

For a single-domain particle, any nonspherical shape gives rise to shape anisotropy. 

Here are three examples with different shapes, such as sphere, cylinder and ellipsoid. 

For a spherical particle in a uniform field , which is parallel to z, a field H inside is 

[12] 

M s 
H =H =0 H =--ra ( 1.19) 

X;n Yin ' Z;,. 3 

So, the integration in Eq. 1.18 leads only to a multiplication by the volume of the 

sphere. The magnetostatic self-energy of a uniformly magnetized sphere is : 

(1.20) 

where V = i:rR 3 is the volume ofthe sphere, and y8 is the unit conversion factor. For the 
3 

SI units, y8 = 1, while for the Gaussian, cgs units, y8 = 4n. Ms is the magnetization. 

The second example is an infinite circulav cylinder. When it is uniformly magnetized 

along the x-axis, and the cylinder axis is de:fined as z. The internal field H inside the 

cy Iinder is [ 12] 

H x,.n =__M_s Ya, H y =Hz =0 (1.21)2 in in 

The energy per unit length along z is 

(1.22) 

19 




Ph.D. thesis - J Cao McMaster - Materials Science and Engineering (2008) 

where S = nR 2 is the circular end area of the cylinder. Ifthe same cylinder is magnetized 

along the z-direction, EM= 0. 

The third example is the ellipsoid. The examples of a sphere and a cylinder are 

particular cases of a more general theorem about uniformly magnetized ellipsoids. If the 

ellipsoid is uniformly magnetized, the field inside the ellipsoid can be written [12] as 

(1.23) 

where Dis a tensor, called the demagnetization tensor, and the trace of the tensor Dis 1. 

For a sphere all the directions are equivalent, Dx = Dy = Dz =1/3. For an infinite cylinder, 

Dz = 0, Dx = Dy = 112. They lead to the same results as the above two. 

Substituting it into Eq 1.18, the magnetostatic self-energy of a uniformly magnetized 

ellipsoid, is 

(1.24) 

This is the shape anisotropy term. 

Surface Anisotropy 

There are several contributions to this term, the most important of which was 

suggested in 1954 by Nee! [33] , who pointed out the importance of the reduced symmetry 

at the surface of a ferromagnet. The spin at the surface has a nearest neighbour on one 

side, and none on the other side, so that the exchange energy there cannot be the same as 

in the bulk. This is also true at the interfac1e between two different ferromagnets . The 

easiest case to consider is that of a thin film , because in this case it is possible to calculate 

each atomic layer. But, it is hard to extend to other geometries. From a phenomenological 
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point of view, any surface energy term should describe a tendency of the surface spins to 

be either parallel or perpendicular to the surface. 

Magnetostriction and strain anisotropy 

This anisotropy term is the origin of ~;train anisotropy. When a ferromagnet is 

magnetized, it shrinks or expands in the direc ion ofthe magnetization. The energy of the 

internal magnetostriction in a ferromagnetic crystal can be expressed in the same 

mathematical form as in magnetocrystalline anisotropy. 

1.2.3 Superparamagnetism 

As we discussed above, the anisotropy energy m a single domain particle is 

proportional, in a first approximation, to the volume V, E8 =KV. Thus, with decreasing 

particle size the anisotropy energy decreases, and for a particle size lower than a 

characteristic value, it may become so low as to be comparable to the thermal energy k8 T. 

This implies that the energy barrier for magnetization reversal may be overcome, and then 

the total magnetic moment of the particle can thermally fluctuate, like a single spin in a 

paramagnetic material. Thus the entire spin ~;ystem may be rotated and the spins within 

the single domain particles remain magnetically coupled. This IS called 

superparamagnetism. 

The calculation of the superparamagnetk relaxation time 1: of the single domain 

particles is very important for the unde1rstanding of the magnetic behaviour of 

superparamagnetic materials. 

The first 1: calculation was done by Neel [34]. For simplicity, he assumed that the 

magnetic moments of the particles spend all their time in one of the easy directions, and 
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no time at all at any direction in between, which is well approximated by assumption that 

a = E8 >> 1, where E8 is the energy barrier of the particle. He considered only the case 
k8 T 

of uniaxial symmetry. The expression for the relaxation time: 

(1 .25) 

The original estimation of -c0 by Nee! was 10·9 s. It was criticized by W.F.Brown who 

provided more quantitative description ofthe relaxation time [35-37] . He considered the 

magnetic moments of the particles to wiggle around an energy minimum (easy direction) 

for a while, and described it as a random walk which obeys the Fokker-Planck equation. 

He tried some analytic approximations and an asymptotic expansion to this differential 

equation, which is: 

2Ky- 0 lf o = - - for a > 1 (1.26) 

M s 7t 


Numerical solutions ofBrown's model for the case of a uniaxial anisotropy have been 

modified recently by Coffey [38, 39] 

At a specific experimental technique, the value of the measuring time Tm may be 

comparable to r. If Tm>>r, the relaxation appears to be so fast, and the assembly of 

particles behaves like a paramagnetic system, called superparamagnetic state. On the 

contrary, if Tm<<r, the relaxation appears so slow that quasi-static properties are 

observed, and the rotation of the spms m the single-domain particles is blocked, or 

"frozen" by the energy barrier. 
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The blocking temperature T8 , separating the two states, is defined as the temperature 

at which Tm= -r. Therefore, it is not uniquely defined, but is related to the time scale of the 

experimental technique. The blocking temperature for a magnetic particle increases with 

increasing size and for a given size increases with decreasing measuring time. The highest 

value of T8 is represented by the Curie or N{:el temperature at which the transition from 

the superparamagnetic to the paramagnetic state occurs. The techniques currently used to 

study the superparamagnetic relaxation are DC magnetization ( Tm around 100 s, depends 

on the type of magnetometer and procedure), AC susceptibility ( Tm =1 o-I to 1o-s s for 

standard PPMS (Physical Properties Measurement System by Quantum Design) 

experiments), Mossbauer spectroscopy (time window, 10-7 to 10-9 s for 57Fe), 

ferromagnetic resonance ( Tm = 10-9 s), and neutron diffraction (time window, 10-8 to 10-12 

s) [32]. 

1.2.4 Non-interacting magnetic nanoparticles 

Theoretical calculation is based on the framework of the Neel-Brown model. Some 

systematic studies have been well establishe . on this model [32, 40, 41] . These are used 

to interpret the relationship between the observed microstructure of magnetic 

nanoparticles and the experimental data obtained from the magnetic measurements. 

In an ideal model, without considering magnetic interparticle interactions, the 

relaxation time rof an assembly of the non-interacting magnetic nanoparticles is given by 

the Neel-Brown model, Eq 1.25, T = r 0 exp[E8 I k8 T]. 
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With a specific measuring time ( Tm) of the experimental technique, the blocking 

temperature T8 , at which rm=r, separates the two states, the blocking and 

superparamagnetic states. Using AC susceptibility technique, T 8 is expected to move by 

changing 1'm from 10-1 to w-ssecond. 

E8In 't = - - +In 't (1.27) 
m k T 0 

B 

The plot of In 't m vs. -f- gives a straight line with a slope of ~8 and an intercept of 
B B 

In 't o . Both the anisotropy energy E8 and the characteristic relaxation time 'to of a particle, 

which are intrinsic parameters of the assembly, can be experimentally obtained. 

If the particles in the assembly are all of the same size, the magnetization versus 

applied magnetic field curve can be expressed as a Langevin function in the 

superparamagnetic state: 

(1.28) 

where Ms ( emu/cm3
) is the volumetric saturation magnetization, L denotes the Langevin 

1
function L = coth x -- , and ).!=MsV is magnetic moment per particle. By fitting the 

X 

magnetization curve with the Langevin function, Ms and ).! can be calculated. 

However, the nanoparticle assembly inevitably contains a distribution of particle 

sizes. R. W.Chantrell and coworkers [ 42] considered a lognormal distribution function in 

the system, and derived the equations to calculate the magnetic diameter of a particle 

(Dvm) and a standard deviation (cr) by the sum of the contributions from each particle: 

2 · 




Ph.D. thesis-JCao McMaster- Materials Science and Engineering (2008) 

D =(18k8 T (1.29 a)
Vm M'

7t s 

(1.29 b) 

(1.30) 

where Ms' (emu/cm3
) is the volumetric saturation magnetization ofthe bulk material, E is 

the volumetric particle fraction. Xi is the initial susceptibility of the system, and the 

relationship between M and 1/H for the large H regime should be a straight line, which 

can be extrapolated linearly to the M = 0 axis at a point 1/H0. 

EM' 1 
For a uniform particle size cr=O, it folio s from Eq 1.29 b that X; =__s ·- . From 

3 H 0 

the measured values of Xi or 1/H0, it is possible to make two estimates of the diameter Di 

and Du from Eq 1.29 a by substituting 1/Ho b Xi or vice versa. 

I 

D =(18k8 T ·~]"3 ( 1.31) 
M' 2I 

7t E s 

I 

D =(6k8 T ._1_J3 (1 .32) 
u nM~ H

0 

If the system has a distribution of particte size, the two diameters will differ, and in 

general, Di>Du, since Xi is more sensitive to the larger particles, whilst the approach to 

saturation is more sensitive to the smaller particles [ 42]. 
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D.Yu.Godovsky and coworkers [43] have derived an equation specifically for 

polymer nanocomposite materials based on Chantrell ' s method [42]. Knowing 

that eM~ =M s and e =	££._ · _c_ , where Ms is volumetric saturation magnetization of 
Pm c+1 

the nanocomposite, Pc and Pm are the densities of the composite and pure magnetic 

materials respectively, and c is weight ratio of magnetic materials to the polymer, then by 

substitution of Di in Eq 1.31 by volume V: 

v = 3k8 T ·x ,E£_,_c_ (1.33) M; ' Pm c+1 

Because of the existence of a nonmagne:tic surface layer on the particle, called the 

magnetic dead zone, it is important to note that all the above diameters calculated from 

Chantrell ' s method are the magnetic diameter of the particle Dvm, which is smaller than 

the physical diameter of the particle Dvp obtained by TEM observation [42]. The 

nonmagnetic surface layers may be formed from interface chemical reaction between the 

dispersant and the particles, the surface spin canting (like in ferrite) [ 44-4 7], or the 

surface oxidation (like in metal) [ 48, 49]. This also explains why Ms of a nanocomposite 

system is always less than eMs' , which is the expected value of the saturation 

magnetization ofthe nanocomposite. 

In spite of the discrepancy between Dvm and Dvp, particle size is an important 

parameter in terms of evaluating different theoretical models for interpreting magnetic 

data. Moreover, the average particle size can be adjusted by changing electrodeposition 

parameters. Ultimately, this will lead to optimization of the microstructure and magnetic 

properties of the nanocomposite films . 
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We attempted to calculate the magnetic sizes of the particles (Dvm) and standard 

deviation (cr) using Eq. l.29 and Eq. l.30, assuming a lognormal particle size distribution 

in our experiments. Also, we can simply estimate Dvm by fitting the magnetization curve 

to the Langevin function, or by calculating any of Eq.l.31 , Eq.1.32, or Eq.1.33 if we 

assume an identical particle size. 

In many instances, the lognormal distribution is selected. However the Gaussian 

distribution function is also used to describe: the distribution of particle sizes found in 

ferrofluids. K.O 'Grady and coworkers [50] compared these two cases and their results 

showed that the lognormal distribution can be used as a good approximation, even when 

the particle diameters obey a Gaussian distribution if the standard deviation of the 

distribution is small, i.e., cr<0.35. Therefore the lognormal distribution may be favourable 

since integration over the distribution function leads to simple analytical expressions. 

In our experimental work, the average particle size of the particles (Dvp) and 

standard deviation (cr) were obtained from TEM observations. 

1.2.5 Interacting magnetic nanoparticles 

Our results described below show that magnetic interparticle interaction must be 

considered in organic-inorganic nanocomposi e films. 

Shtrikrnan and Wohlfarth [51 , 52] proposed a phenomenological model to the 

problem. They considered two cases, corresponding to weak and strong interactions, 

respectively. 

In the weak interaction regime, they addled an additional interaction energy term to 

the energy barrier E 80 of a noninteracting particle with a volume V and a no-relaxing 
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(intrinsic) magnetisation Mnr, expressed as H;MnrV, where U is a phenomenological 

interaction field. To proceed to an interaction assembly of such particles, Hi can be 

further replaced by a statistical mean field of a particle assembly, H; tanh(H;Mn,VJ. 
k8 T 

Hence the energy barrier E8 of a particle is expressed as: 

(1.34) 


weak interaction. This leads to: E8 = (Eso_) with T
0 

= (H;Mn,VY . It is valid only 
kBT kB T--To 3kBEBO 

if T0«T. Hence the temperature dependence of the relaxation time of weakly interacting 

magnetic nanoparticles becomes: 

( 1.35) 


This is the Vogel-Fulcher law, which was first suggested by Tholence [53] to fit the 

frequency dependence of TJ (freezing temperature) in spin glasses. 

In the strong interaction regime, another model is suggested where the actual volume 

of the particle is replaced by an effective volume that increases when the temperature is 

lowered. With an effective energy barrier EsetFKerrVerr, this model leads to: 

with g(t)=t(t-1) 112 (1.36) 
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It is a slightly different form to the Vogel-Fulcher law for which gvF=t-1 , and only 

holds for To<T~2To . 

Following the approach of Shtrikman and Wohlfarth, J.L.Dormann and coworkers 

quantified the effect ofthe interactions, and built up the Dormann-Bessais-Fiorani (DBF) 

model [52, 54]. This model accounts for interparticle interactions by a statistical 

calculation of the dipolar energy for a disordered assembly of particles with a volume 

distribution and easy axes in random orientation. This model, valid for weak and medium 

interaction strengths, concludes that the interactions lead to an increase of the energy 

barrier. This interaction anisotropy energy term has uniaxial symmetry, in agreement with 

the symmetry of dipolar interactions, and can be expressed by 

(1.37) 

(v)(3cos2 ~1 -l)where L denotes the Langevin function, a = , where 0 and 41 dj 
3 

correspond to an angle parameter of special orientation and to the distance of particle j 

with respect to an origin particle, respectively. 

If limiting the interactions to the nearest neighbours, which represents about 90% of 

the total interaction effect, the effective energy barrier (E8) of an interacting particle with 

volume V and non-relaxing (intrinsic) magnetization Mnr is: 

(1.38) 

29 




Ph.D. thesis-JCao McMaster - lvlaterials Science and Engineering (2008) 

where n1 is the average number of nearest neighbours, a1 ~ Awhere Cv is the volume 

concentration of the particles in the sample, a d L is the Langevin function . 

Energy barrier E8 (Eq 1.38) can be approximated in two conditions: weak and 

medium interactions, according to a1M;,v , where T 8 is the blocking temperature related 
kBTB 

to the volume V. For a1M;,v :s; 1, which corresponds to weak interactions or high T 
kBTB 

values 

(1.39) 

In this weak interaction approximation, the relaxation time (Eq 1.25) IS 

approximately given by the Vogel-Fulcher (VF) law (Eq 1.35). 

For 	a1M;,v 2:2 , which corresponds to medium interactions or low T values 
kBTB 

(1.40) 


In this case, the relaxation time (Eq 1.25) becomes 


(1.41) 

Hence, by plotting the log10-rm versus Iff8 from (Eq 1.41 ), we obtain a quasi-straight 

line, with increased slope and intercept of the log10-rm axis shifted by - nd2.30 with 

respect to the case without interactions. 
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Dormann and coworkers studied the dynamical properties of y-Fe20 3 nanoparticles, 

dispersed in a polymer, by AC susceptibility measurements [55] . The variation of the 

average blocking temperature as a function of the measuring time can be satisfactorily 

described by this model. 

1.2.6 Experimental characterization of magnetic nanoparticles 

The transition from ferromagnetism to :mperparamagnetism is a dynamic process 

which is characterized by the relaxation time. There are numerous methods to study the 

assembly of the magnetic nanoparticles, including measurements of field cooled (FC) and 

zero field cooled (ZFC) magnetizations at low field, magnetization under moderate and 

high fields , AC susceptibility, Mossbauer spectroscopy without and with applied field , 

ferromagnetic resonance, neutron diffraction and etc. Here we focus on the DC 

magnetization (FC and ZFC) and AC susceptibility. 

DC magnetization experiments are widely used for characterizing magnetic 

nanoparticle assemblies. They provide the static susceptibility and point out the 

irreversible properties below the blocking temperature. The experimental procedure 

includes field-cooled (FC) and zero-field-cooled (ZFC) magnetization. 

The FC magnetization curve is obtained by cooling the sample in the presence of a 

magnetic field to the minimum temperature Tmin and measuring the magnetization of the 

sample while increasing the temperature toTmax· 

The ZFC magnetization curve is obtained by cooling the sample in the zero magnetic 

field to T min and measuring the magnetization of the sample in the presence of a magnetic 

field while warming up to T max· 
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The superparamagnetic behaviour of the nanoparticle assembly is indicated by a ZFC 

peak and splitting of the ZFC and FC curves. The temperature at which the ZFC and FC 

curves diverge corresponds to the temperature commonly referred to as breaking 

temperature, i.e. , the blocking temperature of the largest particles within the particle size 

distribution. The peak in the ZFC curve occurs at the average blocking temperature of the 

nanoparticle assembly. 

Wenger and Mydosh [56] found that the peak depends on concentration and field. 

Using Brown' s formula of the relaxation time in the presence of a magnetic field , they 

calculated the effects of an external magnetic field on the blocking temperature. Their 

numerical calculations showed a power law dependence of the blocking temperature on 

the field of the form H2 for low field (H<<HK) and H213 for high fields [57]. 

The concentration dependence of the ZFC peak indicates the influence of the 

interparticle interaction in the nanoparticle assembly. El-Hilo et al. showed that the 

contribution of the interaction energy is equivalent to increase the energy barrier of the 

individual particle, so that the temperature of the ZFC peak increases at higher 

concentration [58, 59]. 

Above the blocking temperature, the magnetic properties of the nanoparticle assembly 

are described as superparamagnetic. Therefme, the assembly has Curie behaviour in the 

case with no interparticle interaction, and Curie-Weiss behaviour with interparticle 

interaction. Curie-Weiss-like variation of the initial susceptibility of magnetic fluids was 

observed and discussed by O'Grady, Chantrell and et al [60, 61]. 
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AC susceptibility is proven to be a very u:;efuJ tool for studying dynamical properties 

of magnetic nanoparticles. A small AC magnetic field is applied in the frequency range 

10-10,000 Hz, inducing a time-dependent moment in the sample. The advantage of the 

small magnetic field (~5 Oe) allows the ini1ial susceptibility at H~o to be measured. 

Moreover, it only slightly modifies the barrier energy (the variation is proportional to H2
) 

[56], and therefore a good approximation of the relaxation time value in the absence of 

the applied field can be obtained. 

According to Gittleman [62] the complex susceptibility of an assembly of isolated 

single-domain particles is given by: 

Xo + it:vTXIx= (1.42)
1+ i tiJ''Z' 

The real part is given by x' =XI + Xo -XI 2 (1.43)
1+(un:)" 

And the imaginary part is given by x" = TIJ't [ XI - Xo 2 J (1.44)
l+(urt) 

x' as a function of temperature shows a characteristic peak at T max which is consistent 

with the superparamagnetic behavior of nanoparticles. One can compare the T max to the 

blocking temperature T 8 defined as the temperature at which the relaxation time is equal 

to 1/f. In an assembly of nanoparticles which shows a size distribution, the average 

blocking temperature <T8> is related to T max as: 

(1.45) 

where~ is a constant dependent on the form of the particle size distribution [62]. 
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The analysis of the frequency dependence of Tmax allows one to check the models 

describing the temperature dependence of the relaxation time, for instance, the Neel­

Brown model, and to derive the related parameters, such as 'tQ and the energy barrier Es. 

Dormann et al [54, 63] studied the frequency dependence ofTmax of noninteracting 

ferrimagnetic y-F e20 3 particles in the frequency range 2 X 1o-2-104 Hz. The frequency 

dependence ofTmax was found to follow an Arrhenius law with 'to~l0- 1 0 s. It was the first 

time to clearly prove this law for noninteracting particles in a large frequency range. 

Tmax was found to increase with particle concentration. Dormann et a! [52, 55, 64, 65] 

further analyzed the frequency dependence of T max in the frequency range 2x 1 o-2-104 Hz 

for y-Fe20 3 particles dispersed in a polymer matrix with different volume concentration, 

which introduced weak, median or strong interparticle interaction. The results were 

satisfactorily explained by the model proposed by the authors, which describes the effect 

of interparticle interaction on the relaxation time by means of a statistical calculation of 

the dipolar energy. The parameters that govern the relaxation time, such as the number of 

first neighbours per particle, interparticle distance, were deduced. 

1.3 Fabrication of Magnetic Nanoparticles 

Recent advances in chemical synthesis and the characterization of magnetic 

nanoparticles were reviewed by Willard and et a!. [66]. Various solution chemistry 

techniques used to synthesize nanoparticles, including precipitation, borohydride 

reduction, hydrothermal , reverse micelles, polyol, sol-gel , thermolysis, photolysis, 

sonolysis, multisynthesis processing and electrochemical techniques, were surveyed. 
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One common procedure to prepare nanoparticles is the decomposition of 

organometallic precursors. Rockenberger and. coworkers prepared spheres of nanosized 

y-Fe20 3 by injecting the iron cupferron comjplex (FeCup3) into trioctylamine at 300 oc 

[67]. This method was further expanded to the synthesis of transition metal oxide 

nanoparticles, such as Cu20 and Mn30 4, by using metal cupferronates MxCupx (M: Cu2
+, 

Sun [68, 69] and coworkers reported a convenient organic phase process for making 

monodisperse Fe30 4 nanoparticles through the reaction of Fe(acac)3 and a long-chain 

alcohol. Their further experiments indicated that this reaction could be readily extended 

to the synthesis of MFe20 4 nanoparticles (with M = Co, Ni , Mn, Mg, etc.) by simply 

adding a different metal acetylacetonate precursor to the mixture of Fe(acac)3 and 1,2­

hexadecane diol. Fe30 4 and related MFe20 4 nanoparticles (with M =Co and Mn as two 

examples) with sizes tunable from 3 to 20 nm in diameter. The process involves high-

temperature (up to 305 °C) reaction of metal acetylacetonate with 1 ,2-hexadecane diol , 

oleic acid, and oleylamine. The size of the oxide nanoparticles can be controlled by 

varying the reaction temperature or changing metal precursors. Alternatively, with the 

smaller nanoparticles as seeds, larger monodi~:perse nanoparticles up to 20 nm in diameter 

can be synthesized by seed-mediated growth. The nanoparticles can be dispersed into 

nonpolar or weakly polar hydrocarbon solvent, such as hexane or toluene. The 

hydrophobic nanoparticles can be transformed into hydrophilic ones by mixing with a 

bipolar surfactant, tetramethylammonium 11-·aminoundecanoate, allowing preparation of 

aqueous nanoparticle dispersions. 
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Figure 1.5 Scheme of synthesis of 4 nm Fe30 4 nanopart icle seeds 

Sukhorukov [10, 11] synthesized magnetic ferrite nanoparticles inside the hollow 

polyelectrolyte capsules. The capsules were assembled by layer-by-layer (LbL) method 

which consisted of alternative adsorption of oppositely charged polyelectrolyes. The 

capsule wall, made of polyelectrolyte multi ltayers of poly(styrenesulfonate) (PSS) and 

poly(allylamine hydrochloride) (PAH), is permeable for small ions but not for polymers. 

To perform particle synthesis exclusively in the capsule interior, capsules were loaded 

with P AH. The inorganic ions penetrate capsule walls and face a higher pH generated by 

PAH inside the capsule, forming oxide particles. CoFe20 4, ZnFe20 4, MnFe20 4 and 

magnetite were synthesized inside the capsules of 1 0 ~m diameter. 

Pascal and coworkers [70] prepared 3-8 nm iron oxide nanoparticles from a sacrificial 

iron electrode in an aqueous solution of dimethylformamide (DMF) and cationic 

surfactants. The size was directly controlled by the imposed current density, and the 

resulting particles were stabilized as a coUoidal suspension by the use of cationic 
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surfactants. The size distributions of the particles were narrow, with the average sizes 

varying from 3 to 8 nm. 

V k p_?tenti<ll in the 
~lmoH:z layer 

surfactant 

Anodic reactions : 


Fe F~• + 3 ~ 


Hp ---- 2H. +2e' + 1/ 202 


Chemical formulation : 


2 Fe + 3 H20 -- 3 H2 + [Fe203lstobil ized 


+ surfactant 

Figure 1.6 Formation of stabilized y-F~03 nanoparticks 

Dierstein et al. [71] used a similar strategy to prepare metal oxides. This technique is 

termed ' electrochemical deposition under oxidising conditions ' (EDOC). Mixed oxides 

CoFe20 4, In20 3/Sn02 etc.) in the nanometre range with narrow particle size distribution 

were obtained. 

Cathodic electrolytic deposition is an important technique for the fabrication of 

oxides/hydroxides films .[9] The electrochemical intercalation of inorganic nanoparticles 

into polymer films is a new strategy for the fabrication of novel nanocomposite materials, 

containing magnetic nanoparticles m a polymer matrix. The advantages of 

electrodeposition are short processing time:, process simplicity, good compositional 
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control and homogeneity. This method produces nanoparticles in situ in a polymer matrix, 

and the particle size can be controlled by the amount of polymer. Our research work is 

based on this method. 
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CHAPTER2 


FUNDAMENTALS OF KLECTRODEPOSITION 


This chapter describes the fundamental aspects of the electrodeposition pertinent to the 

present work. Electrodeposition, which reft::rs to electrophoretic deposition (EPD) or 

electrolytic deposition (ELD) in the current context, is widely used to prepare thin film 

and coatings of metals, ceramics, polymers and organoceramics [9, 72]. 

Electrophoretic deposition (EPD) is a process, in which charged colloidal particles, 

suspended in a suitable polar solvent migrate under the influence of an electric field and 

deposit on an electrode. The colloidal particles that can form stable suspensions and carry 

charges include ceramics, metals and polymers (polyelectrolytes) [9, 73]. The solvent can 

be either aqueous or non-aqueous, or a mixture of both. 

Cathodic electrolytic deposition (ELD) is a process in which metal ions or complexes 

are hydrolyzed by an electrogenerated base to form oxide, hydroxide or peroxide deposits 

on the cathodic substrates. Important hydrolysis reactions for the base generation include 

reduction of water, nitrate ions and dissolved 0 2, which result in the accumulation of 

colloidal particles at the electrode [9]. 

Ceramic and organoceramic thin films are important functional materials in various 

devices. Electrodeposition of ceramic materials can be performed by cathodic or anodic 

methods. However, anodic deposition has limited utility regarding possible materials to 

be deposited by this method and substrates used for deposition. Cathodic deposition has 

important advantages for industrial application. Two processes are commonly used to 

prepare ceramic coatings by cathodic electrodeposition: the electrophoretic process 
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(EPD), which is based on the use of suspensions of ceramic particles, and the electrolytic 

process (ELD), which starts from solutions of metal salts (Fig. 2.1). Comprehensive 

recent reviews covered materials science aspects, kinetics and applications of EPD [73­

76] and ELD [77-79]. The distinguishing features of the two methods were compared in 

[77, 80]. EPD is an important tool for the preparation of thick ceramic films (Fig. 2.2). 

ELD enables the formation of nanostructured thin ceramic films. 

<E-•M+ <E-•M+ 
+<E-•M + <E-•M+ 

<E-•M 
<E-•M+ 

<E-•M+ 
<E-•M+ <E-•M+ 

<E-•M+ <E-•M+ 

EPD 
 ELD 

@ Charged ceramic particles 

M + Ions or complexes 

Figure 2.1 Schematic of cathodic electrophoretic deposition (EPD) and electrolytic deposition (ELD), 
showing electrophoretic motion of positively charged ceramic particles and ions (M+), 
followed by hydrolysis of the ions to form colloidal nanoparticles and coagulation of the 
particles to form EPD and ELD deposits. 
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Figure 2.2 Thickness of coatings deposited using ELD and EPD. 

A novel method of electrodeposition of organoceram1c materials is based on 

heterocoagulation of charged ceramic and polyelectrolyte particles. Recent experimental 

and theoretical studies have also highlighted the importance ofthe electric field, electrode 

reactions and other factors that influence the coagulation of particles near the electrode 

surface. 

Further description of the deposit formation mechanism of EPD and ELD includes 

classical Derjaguin-Landau-Verwey-Overbeek (DLVO) theory of colloidal stability, 

transport phenomena and electrode reactions, which are introduced in the sections 2.2­

2.5. 
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2.1 Polyelectrolytes 

Polyelectrolytes is a class of macromolecules that contains charged functional groups, 

which, when dissolved in a suitable polar solvent (generally water), can acquire a large 

number of elementary charges [81] . Some common examples of polyelectrolytes include 

proteins, nucleic acids, polyacrylic acid and polystyrene sulfonate. 

Polyelectrolytes may be categorized in different ways [81]: 

As for the architecture of macromolecules, polyelectrolytes may be grouped into linear, 

branched, and cross-linked chains or into homo- and copolymers. 

As for the electrochemical considerations, polyelectrolytes can be divided into anionic 

and cationic polyelectrolytes. The anionic polyelectrolytes carry the electrolyte groups 

such as -COOH and -S03H, which can dissociate into negatively charged polyions 

(polyanions) and positively charged protons (Hl. The cationic polyelectrolytes carry the 

electrolyte groups, such as -NH2, which can bind a proton, yielding positively charged 

polyions (polycations). Polyampholytes are macromolecules that bear both anionic and 

cationic groups and that are positively charged at low pH and negatively at high pH. They 

are neutral at isoelectric pH, where the amOtmt of positive charge equals the amount of 

negative charge [81]. 

In the current work, only cationic polyelectrolytes have been used in the co-deposition 

of polyelectrolytes and inorganic nanoparticles. Some examples of cationic 

polyelectrolytes, including poly(ethylene imine) (PEl), poly(allylamine hydrochlorie) 
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(PAH), chi to san (CHIT), poly(4-vinyl-pyridine) (P4VPy) and 

poly(diallyldimethylammonium chloride) (PDDA), have been illustrated in Fig. 2.3 [82]. 

_f\N~ 
H 

PEl 

CHIT PDDA 

():·

N 

P4VPy 

Figure 2.3 Cationic polyelectrolytes: poly(ethylene i ine) (PEl), poly(allylamine hydrochlorie) (PAH), 
chitosan (CHIT), poly(4-vinyl-pyridine) (P4VPy) and poly(diallyldimethylammonium 
chloride) (PDDA) [82] 

There are strong and weak polyelectrolytes. The strong polyelectrolytes acquire 

spontaneously full charges, and the degree of dissociation of the ionic groups is nearly pH 

independent. The weak polyelectrolytes are only partially charged when dissolved in pure 

solvent, the degree of ionization is determined by the solution pH, which can be titrated to 

full charge with a strong base, such as NaOH, or acid, such as HCI. 

Among the cationic polyelectrolytes listed! above, PDDA is a strong polyelectrolyte 

because of the quaternary amino group. The degree of dissociation of the ionic groups of 
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PDDA is nearly pH independent in a wide pH range below pH 13 . PEl, PAH, P4VPy and 

chitosan are weak polyelectrolytes, containing amine groups [82] . 

PEl is a polybase. The amine groups in the branched PEl exist in primary, secondary 

and tertiary form in the approximate ratio of 1:2:1 with a branching site every 3-3 .5 

nitrogen atoms along any given chain segment [83, 84]. The primary amine groups, which 

are the chain terminating units, are the most basic and chemically reactive. The pH of an 

aqueous solution containing 1 wt.% PEl is about 11 and at this pH the PEl molecule has 

no charge [85, 86] . PEl adsorbs protons in the acidic solutions and becomes charged 

positively, according to the reaction: 

PEl+ H30+ ---+ PEI-W + H20 (2 .1) 

The degree of proto nation depends on the amount of acid added. 

Significant interest has been generated in the application of PAH for the polymer-

mediated synthesis, surface modification of nanoparticles, and thln film deposition [87, 

88]. The PAH macromolecules are positively charged below pH 8 [88]. The interest in 

PAH is stimulated by the fact that PAH facili tates the room temperature crystallization of 

complex metal oxides. [10] 

Chitosan is a natural cationic polysaccharide that can be produced by alkaline N­

deacetylation of chitin [89]. Important properties of this material, such as chemical 

resistance, biocompatibility, advanced mecha. ical, antimicrobial, and thermal properties, 

have been utilized in biotechnology [90, 91]. Water soluble and positively charged 

chitosan can be prepared by the protonation of amine groups in acidic solutions [92, 93]: 

(2.2) 
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The properties of chitosan in solutions depend on the molecular weight, the degree of 

deacetylation, pH and ionic strength. At pH 6.5, the primary amine groups of chitosan 

become deprotonated. As a result of the decreasing charge with the pH increase, 

dissolved chitosan usually flocculates at pH above 6.5 [92, 93] . 

Poly(4-vinyl-pyridine) (P4VPy) is a weak cationic polyelectrolyte. It was found [94] to 

form polychelates with Cu2
+, Zn2

+. Partially protonated P4VPy can be obtained by adding 

an appropriate amount HCl into polymeric solution [95]. 

A very promising and emerging area in the application of polyelectrolytes is the 

electrosynthesis of hybrid organic-inorganic nanocomposite fi lms, which contain 

inorganic nanoparticles in situ inside a polymer matrix. Electrophoretic deposition (EPD) 

of polyelectrolytes and electrolytic deposition (ELD) of metal oxides or hydroxides have 

been combined to synthesize this type of nanocomposite films [8, 82]. 

2.2 Particle interactions 

The basis for our understanding of the interaction between colloids particles is the 

classical DLVO (Derjaguin, Landau, Verwey and Overbeek) theory [96, 97] . This theory 

states that the total pair interaction between ~~olloidal particles consists of two parts, the 

Coulombic double-layer repulsion and van der Waals ' attraction. The total energy VT of 

interaction of two isolated, identically charged particles may be defined as: 

(2.3) 

The attractive energy VA of the London-van der Waals ' interaction between two 

spherical particles can be expressed by: 
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A[ 2 2 2 -4Js (2.4)V =----+-+in-­
2 2 2

A 6 s - 4 s s 

where A is the Hamaker constant and s = 2 + H/a, with H the shortest distance between 

the two spheres and a is the particle radius. If H « a, Eq 2.4 can be simplified to : 

a
V =-A- (2.5) 

A 12H 


The repulsive energy V R is : 


(2.6) 

where E is the dielectric constant of the solvent, Eo is the vacuum dielectric permittivity, \jJ 

is the surface potential, ilK is the Debye length: 

(2.7) 

where e0 1s the electron charge, k is thte Boltzmann constant, T is the absolute 

temperature, ni is the concentration of ions with valence Zj . Repulsion between colloidal 

particles is directly related to the diffuse layer charge on the particles. 

The DLVO theory describes the potential energy curve for pair interaction, as shown in 

Fig. 2.4a. When the diffuse-layer repulsion is sufficiently high compared to the van der 

Waals ' attraction, the total energy of particle interaction exhibits a maximum. This is the 

energy barrier to particle coagulation. 

The thickness of the double layer (characterized by the Debye length, 1/K) is very 

sensitive to the electrolyte concentration [96] . The DL VO theory explains the existence of 

a critical electrolyte concentration (flocculati.on value) for coagulation, decreasing with 
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the valence of the electrolyte ions of a charge opposite to that of the colloidal particles 

(rule of Schulze and Hardey [96]). It was demonstrated that the potential energy peak 

decreases as the electrolyte concentration increases. As the energy barrier disappears, 

coagulation becomes possible Fig. 2.4b. Flocculation by ions compressing the double 

layer also follows the Hofmeister series [96]. 

Energy Barrier Flocculation 

~ 

~ 1-i--~---= '"1------­
"" H ~~H 

(a) (b) 

Figure 2.4 Total interaction energy between spherical particles as a function of interparticle separation 
according to the DL YO theory 

Within the series of ions of the same charge, the flocculation value increases in the 

order: 

+ + N + L ·+ d~ , K , a , 1;an 

B 2+ S 2+ C 2+ M 2+a , r , a , g 

Therefore, a negatively charged sol is · occulated by large cations at a smaller 

concentration than by small cations of the same valency. The flocculation value was 

found to be in the range 20-200 mM for monovalent ions, 0.3-3 mM for divalent ions, and 

0.003-0.1 mM for trivalent ions [96]. Flocculation values are affected by sol 

concentration, temperature, particle size ofthe colloid, and chemical nature ofthe sol. 
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2.3 Solvents 

The solvent used in electrodeposition should dissolve both inorganic salts and 

polyelectrolytes. It can be either aqueous or non-aqueous (Table 2.1). ELD needs a 

sufficient amount of water for base generation in cathodic reactions. However, adsorbed 

water in green deposits leads to shrinkage and cracking during drying. Non-aqueous 

solvent have the advantage of avoiding the electrolysis of water, and thus avoiding the 

gas evolution which prevents forming a uniform adherent deposit. Mixed methyl alcohol­

water and ethyl alcohol-water solution were found to be preferable in order to reduce 

cracking and porosity in the electrolytic deposits [78]. The addition of alcohols to 

aqueous solutions reduces the total dielectric constant of the solvent, and the thickness of 

the double layer decreases with decreasing dielectric constant of the solvent, and thus 

reduces the solubility of the deposits and promotes particle coagulation. 

Solvents used in EPD should be inert with respect to the powder. Organic liquids are 

superior to water as a suspension medium flor EPD. A variety of non-aqueous organic 

solvents (Table 2.1) are commonly used in ELD and EPD. 
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Table 2.1 Examples of solvents used for electrodeposition 

Solvent Method of deposition Deposited material 

Water 

Dimethylformamide 

Methyl alcohol-water 

Ethyl alcohol-water 

Isoporpyl alcohol 

Isoporpyl alcohola 

Ethyl alcohol-acetylacetone 

Glacial acetic acid 

Ethyl alcohol 

Dichloromethane 

Acetone 

Acety !acetone 

Cyclohexanone 

Methyl ethyl ketone 

Toluene-ethyl alcohol 

ELD 

EPD 

ELD 

ELD 

ELD 

EPD 

EPD 

ELD 

EPD 

EPD 

EPD 

EPD 

EPD 

EPD 

EPD 

EPD 

EPD 

Ah03-Cr203 [98], ZnO [99] 


Ah03 [100] 


Y203 [101], Ti02 [102] 


Ti02, Ru02- Ti02 [103] 


Ce02 [104], Sn02 


CaSi03[105] 


Hydroxyapatite [I 06, 1 07] 


YBa2Cu301-x [ 1 08] 


MgO, Ah03 [ 1 09] 


PZT[110] 


Ah03, Zr02 [Ill] 


~-alumina [112] 


YSZ [1 13] 


YSZ [1 13] 


YSZ [1 13] 


Ah03 [114] 


Ah03 [114] 


PZT, lead zircon ate titanate; and YSZ, yttria-stabil ized zirconia 
•solvent contained small amount of water 
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Figure 2.5 Deposit weight of ELD films versus water content in 0.005 M ZrOCiz solutions in mixed ethyl 
alcohol-water solvent, current density 5 mA/cm2

, deposition time 5 min. 

Fig.2.5 shows the deposit weight for electrolytic zirconia films versus water content in 

mixed ethyl alcohol-water solvent. A sharp inerease in deposit weight was observed when 

the water content increased up to 2 wt%. However, adsorbed water in green deposits leads 

to shrinkage and cracking during drying. Non-aqueous solvents prevent the deposit from 

hydrating. It is known that methanol is capable of extracting non-bridging hydroxo 

groups and free water [115]. Mixed methyl alcohol-water and ethyl alcohol-water 

solutions were found to be preferable in order to reduce cracking and porosity in the 

electrolytic deposits [103]. The addition of alcohols to aqueous solutions reduces the total 

dielectric constant of the solvent, and thus reduces the solubility of the deposits. It is in 

this regard that deposition experiments performed in mixed methyl alcohol-water 

solutions indicate a significant enhancement of the deposition rate [116]. Repulsion 

between colloidal particles formed near the electrode is related to the diffuse-layer charge 

on the particles. The thickness of the double layer decreases with decreasing dielectric 

constant of the solvent, promoting particle coagulation. 
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The charge on a colloidal particle could originate from solvents . Alcohols are known 

to behave as proton donors and are important for particle charging. A mixture of solvents 

may also be useful to achieve particle charging [I 09]. The addition of alcohols to aqueous 

suspensions of titania-containing electrolyte resulted in a shift of the isoelectric point 

(i.e.p.) towards higher pH values, or the absence of i.e.p. The experimental results [117] 

indicate that the dielectric constant of the mixed solvent could be the factor that governs 

the shift of i.e.p. 

2.4 Electrophoretic mobility 

Two different theories of electrophoresis were developed for rigid particles and for 

polyelectrolytes [ 118-121]. The theories of electrophoresis were applied for a single 

isolated particle and for colloidal particles in concentrated suspensions [118-123]. 

The velocity v of a particle in an electric field E is given by: 

(2.8) 

where JL is the electrophoretic mobility. The electrophoretic mobility JL of a rigid 

colloidal particle can be derived from Biesheuvel's work [118]. 

(2.9) 

where sis the zeta potential and iJ is the viscosity of the liquid. The functionj(Ka) is 1 

for Ka « 1 and 1.5 for Ka » 1. So, for pa.rticle radium a « IlK (Debye length), the 

electrophoretic mobility JL is given by Hucke! formula: 

(2.10) 
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For a » 1/K, the electrophoretic mobility f.1 is given by Smoluchowski equation: 

(2.11) 


The electrophoretic mobility of a spherical polyelectrolyte, in which fixed charges are 

distributed at a uniform density Pfix, can be derived form the equation [120]: 

(2.12) 


where 'A = (y I 11)'12 , and y is the frictional coefficient of the polyelectrolyte. 

In contrast to Eq 2.9 for the electrophoretic mobility of a rigid particle, Eq 2.12 does 

not include the spotential. 

Ohshima [119-121] proposed a general electrophoresis theory for the electrophoresis of 

polyelectrolyte-coated spherical colloidal patticles, which unites two different theories: 

the theory for rigid spheres and that for spherical polyelectrolytes. When a rigid particle is 

coated by a layer of polyelectrolyte of thiclr.ness d, the general mobility expression is 

given by: 

(2.13) 


where '!'0 is the potential at the boundary between the polyelectrolyte and the 

surrounding solution, and 'l'ooN is the Donnan potential: 

2 

2
\f/0 = \f'DON + noo kT {1 - [( p fix J

2 

+1]1/ } (2.14) 
pfix 2ze0n 

00 
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1 22 

\}' _ kT [ { Pfix +[( Pfix J + 1] / } (2.15)DON - n oo oo 
ze0 2ze0n 2ze0n 

where k is Boltzmann's constant, T is the absolute temperature, e0 is the elementary 

electrical charge, and Km is the Debye-Hi.ickel parameter of the polyelectrolyte layer: 

2]1/4 
Km =K 1+ ( p fix 

00 
J (2.16)[ 2ze0n 

(2.17)!(d)-3_[1+ 1 l 
a -3 2(1+d/a} 

The function f(d/a) tends to 1 as d/a ~ 0, whereas it becomes 2/3 as d/a ~ oo [119]. In 

the limit a~ 0, the particle becomes a spherical polyelectrolyte. 

Theoretical studies have been carried out on electrophoresis m concentrated 

suspensions [122-124]. The effects of particle interactions and fluid motions associated 

with the individual particles were addressed. lt was demonstrated that in the limit of thin 

double layers around the particles (Ka » 1), the electrophoretic mobility is described by 

the Smoluchowski formula. However, as the double layer thickness increases, the 

electrophoretic mobility decreases sharply and becomes strongly dependent on the 

particle volume fraction c:p. The electrophoretic mobility decreases with increasing c:p by 

overlapping of the electrical double layers around the particles. A general theory has 

recently been developed for the electrophoretic mobility of soft particles in concentrated 

suspensions [122, 123]. It was established that the c:p dependence of the electrophoretic 
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mobility is negligible ford <<a, whereas ford>> a, the mobility strongly decreases with 

increasing <p . 

2.5 Cathodic reactions 

Various cathodic reactions could result in a local pH increase at the cathode surface 

[78, 125-132]. Chemical reactions which consume H+ are discussed in [126, 127]. These 

reactions bring about a small increase in pH at the electrode surface [126, 127]: 

(2.18) 

2W+2e- ~ H2 (2.19) 

N03- + 2W + 2e- ~ N02- + H20 (2.20) 

N03- + 1 OH+ + 8e- ~ NH4+ + 3H20 (2.21) 

Cathodic reactions [78, 125, 130] that generate OR include the reduction of water, 

dissolved oxygen, nitrate and perchlorate ions: 

2H20 + 2e- ~ H2 + 20R (2.22) 

02 + 2H20 + 4e- ~ 40R (2.23) 

N03- + H20 + 2e- ~ N02- + 20R (2.24) 

N03- + 1H20 + 8e- ~ NH/ + 100R (2.25) 

Cl04- + H20 + 2e- ~ Cl03- + 20R (2.26) 

Cl04- + 4H20 + 8e- ~ Cr + 80R (2.27) 

These reactions consume H20 to produce OR ions, resulting in an appreciable pH 

increase near the cathode surface. 
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Lee and Crayston [129] utilized superoxidl~ 0 2- and tertiary alcohols to generate OR 

ions. Oxygen undergoes reduction: 

0 2 +2e- ~ o 2- (2.28) 

Then superoxide reacts with water to give OR ions: 

202- + H20 ~ 0 2 + H02- + OH- (2.29) 

The reduction of tertiary alcohols [129] generates OR via the following reaction: 

ROH + 2e- ~ K +OR (2.30) 

In methyl alcohol solutions the following reactions were considered: 

2W + 2CH30H + 2e- ~ 2H20 + C2H6 (2.31) 

2CH30H + 2e- ~ 20R + C2H6 (2.32) 


The reduction ofH20 2 produces OR ions via the following reaction [133]: 


(2.33) 

The difference between the solution pH and that in the layer adjacent to the electrode 

increases with increasing current density and decreases with increasing temperature [ 134, 

135]. Near-electrode pH data (reference) obtained at various current densities [135] 

indicate that the rate of pH change accelerates in the range 1-10 mA/cm2. Stirring of 

solutions was found to delay the onset of alkali formation at the cathode surface. In 

cathodic ELD, the bulk pH is acidic, whereas the surface pH was reported to be up to 11­

12 [134, 135]. The high pH could be constant over the first 100-200 )lm from the cathode 

surface [134, 135]. 
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2.6 Electrolytic deposition of materials 

2.6.1 Electrosynthesis and coagulation of particles 

The particle formation kinetics and deposit composition are influenced by solvent, 

additives, temperature and current density [78, 79, 136-152]. In the cathodic electrolytic 

deposition process, the cathodic reactions in Eqs. (2.18-33) result in a significant increase 

in pH value near the cathode. The hydrolysis of water and some other cathodic reactions 

(Eqs. (2.22-27)), which consume water and pmduce OH", result in significant increase in 

pH value near the cathode [126-128, 130-132].Various cationic species could be 

hydrolyzed to form colloidal particles of oxides, hydroxides or peroxides by 

electrogenerated base near the cathode [137, 139, 147]. It was shown that electrosynthesis 

is similar to the wet chemical method of powder processing that makes use of 

electrogenerated base instead of alkali [79]. Hydrolysis reactions result in the 

accumulation of colloidal particles near the electrode. 

The coagulation of colloidal particles on the cathode can be explained by DLVO 

theory of colloidal stability [79] . DLVO theory explains the existence of a critical 

electrolyte concentration (flocculation value) for coagulation of colloidal particles, below 

which the suspension is stable and above whieh it is kinetically unstable. The flocculation 

value decreases with the valence of the electrolyte ions of a charge opposite to that of the 

colloidal particles (rule of Schulze and Harc1ey) . The flocculation of colloidal particles 

near the cathode, which results in the deposit formation, could be enhanced by the electric 

field, electrohydrodynamic flows, and pressure from the new formation particles [79]. 
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2.6.2 Co-deposition of materials 

Co-deposition of various cationic species has been the subject of intense research 

activity [136, 146, 153, 154]. The use of peroxoprecursors was found to improve co­

deposition of some species, and complex oxide compounds were deposited [147, 149, 

151, 152]. The method of electrodeposition of Ru02-Ti02 films is based on the 

independent deposition of Ru and Ti species using different precursors. P and Si species 

cannot be deposited alone from aqueous solutions, but readily co-deposit with Ca species 

[79, 136, 146]. Various chemical reactions are discussed in [136, 146] : 

1 0Ca2 
+ + 6PO/ + 20a ~ Caw(P04)6(0H)2 (2.34) 

3Ca2 
+ + 2HPO/ - + 20a ~ Ca3(P04)2 + 2H20 (2.35) 

P species could also co-deposit with Mg species: 

3Mg2 
+ + 2HPO/ - + 20H-~ Mg3(P04)2 + 2H20 (2.36) 

The effect of lanthanide ions on the electrodeposition of cobalt oxyhydroxide and 

manganese oxide was investigated by Matsumoto et a! [ 141]. It was established that the 

lanthanide ions suppress the electrodeposition of these compounds. 

2.7 Electrophoretic deposition of materials 

2.7.1 Mechanisms of deposit formation 

The mechanisms of EPD have been discussed in numerous publications [73-75 , 77, 

155-164]. One hypothesis is that charged particles undergo reactions at the electrode, 

which neutralize them. However, deposit formation was observed on a porous diaphragm 
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[156] and a dialysis membrane [75] placed between the electrodes. According to [74, 75] 

, particle/electrode reactions are not involved in EPD and ceramic particles do not 

immediately lose their charge on being deposited. It was observed that reversal of the 

electric field strips off the deposited layer [74]. However, alumina particles were 

deposited using alternating current at frequency of 10 kHz [ 1 00]. An electrode reaction 

model for the deposition of oxide particles was developed by Koura et al. [ 165] . The 

experimental data presented by Zhang and Lee [ 166] indicate that ceramic particles act as 

the charge carrier and promote the circulation of electric current in suspensions. 

According to Hamaker and Verwey [158], the formation of a deposit by 

electrophoresis is similar to formation of the sediment due to gravitation. It was supposed 

that applied electric field exerts sufficient force to overcome particle mutual repulsion. 

The field strength (E) required to supply this force (F) was found to be [ 156, 167]: 

E =2F / 3r.~a (2.37) 

Calculated values of the field strength are; in agreement with the values observed for 

some materials [156]. Verwey and Overbeek [167] pointed out that the applied electric 

field strength in EPD is generally too low to overcome particle mutual repulsion, but 

great enough to bring about the high particle concentration near the electrode. The 

electrical resistance of this layer is very high, and as a result the voltage drop and electric 

field in the layer are also very high. The critical field strength could be achieved in 

concentrated suspension near the electrode surface [ 167]. However, the accumulation 

theory [ 162] cannot explain the deposition of mono layers [ 168, 169] or electrophoretic 

seeding of diamond particles [ 170]. 
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Koelmans and Overbeek proposed an electrochemical mechanism of deposit 

formation [162]. Deposit formation is caused by flocculation introduced by the electrolyte 

formed by the electrode reaction Eq. (2.32). The critical time t* in the flocculation theory 

[162] could be interpreted as the time required to build up a critical electrolyte 

concentration. The following relation was proposed: 

(2.38) 

where q is a coefficient, V is the voltage applied, and cr is the specific conductance of 

the suspension. 

In several experiments [ 156, 171-177] EP of ceramic particles was performed in the 

presence of electrolytes and polyelectrolytes. These additives are adsorbed on the 

particles to create positive charges and stabilize the suspensions. The additives are also 

important for the deposition of uniform and adherent deposits. EPD of ceramic particles 

could be associated with electrolytic deposition of hydroxides or alkoxides, which form 

an adhesive matrix [156, 177]. The adhesive materials promote particle coagulation and 

bind the particles to the substrate. Therefore, the binder materials may enhance the effect 

of the van der Waals' force. The water content and electrolyte concentration in the bath 

are very important for the deposition process. It was supposed [ 159] that reduction of 

water Eq. (2.22) generates OH-, resulting in a pH increase near the cathode substrate. It is 

important to note that electrode blocking by the deposited particles could also result in an 

additional pH increase in the vicinity of the cathode [ 178]. When the water content of the 

suspension is very low (< 1%), the alkoxide is formed, which is converted to the 

hydroxide at higher water concentrations [156, 177]. Excess water, above ~10 wt.%, was 

59 




Ph. D. thesis - J Cao McMaster -Jvlaterials Science and Engineering (2008) 

detrimental because it resulted in excess hydrogen evolution and high bath conductivity. 

However, experiments with a porous diaphragm [156] and a dialysis membrane [75] 

placed between the electrodes indicate that electrode reactions are not essential for EPD. 

An electrocoagulatory mechanism of deposit formation is based on a polarization 

attraction of particles to the electrode [134]. Sarkar and Nicholson [75] developed a 

mechanism of deposition based on double-layer distortion on application of an electric 

field. They suggested that the double layer becomes thinner ahead of the particle, thus 

facilitating particle coagulation. Further investigations by De and Nicholson showed that 

this mechanism is not correct [ 179]. They proposed a mechanism [ 179] based on a local 

pH increase near the cathode surface. 

2.7.2 Contributions of different mechanism:) 

Understanding of the EPD mechanisms is crucial to the development of advanced 

coatings. It is important to discuss the contributions of the proposed mechanisms at 

different stages of electrophoretic deposition. Interparticle forces, electrode reactions, 

solvents and additives influence all stages of the deposition process. The ability to deposit 

monolayers or separate particles suggests that particle electrode interactions could result 

in deposit formation. It is in this regard that deposition of ceramic particles could be 

achieved under open circuit conditions. Electrostatic attraction has been used to deposit 

alumina and mullite coatings [180] . It is supposed that the mechanism of seeding of 

diamond particles cathodic substrates [170] is related to the discharge ofthe W ions [165] 

adsorbed on the particles. These ions were created in a keto-enol reaction [165]. 

However, electrophoretic diamond seeding could also be performed on anodic substrates 
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[181, 182]. Diamond particles spontaneously acquire a negative surface charge in water 

and some organic solvents [181 , 182]. Valdes et al. [182] considered electrophoretic 

diamond seeding as a combination of electrophoretic transport and electrochemisorption 

of diamond particles. It was shown that the diamond particles deposited by the 

sedimentation process cluster together and are non-adherent to the substrate [ 181]. In 

contrast, electrophoretic seeding resulted in adherent and non-agglomerated particles. 

Turning again to [134] and [183], it should be noted that deposition of individual particles 

could be achieved via polarization attraction of the particles to the electrode. 

Grillon et al. [184] supposed that when a particle comes into contact with the 

substrate or an already deposited particle, it can no longer move, due to electrical 

neutrality. It was concluded [ 184] that local electric fields prevent the formation of a 

continuous layer, resulting in porous deposits. However, particle motion parallel to the 

electrode surface was reported in [183 , 185--187]. Moreover, continuous 2-D layers of 

colloidal particles were formed [169, 183, 185-187] . Vander Waals ' force [167, 188] and 

long-range attraction forces [183, 185-187, 189-191] discussed above could result in 

particle coagulation and the formation of2-D layers. 

Electrophoretic motion of ceramic particles results in accumulation of the particles at 

the electrode. According to [134, 156-159, 162, 167, 171 , 172, 188], three basic 

mechanisms of particle coagulation in the formation of electrophoretic deposits can be 

distinguished: electrocoagulation, accumulation and electrochemical coagulation. 

Electrohydrodynamic flows [ 186], arising from electrode reactions, geometrical 

confinement effect [191 , 192], capillary interactions [193], long-range attraction forces 

61 




Ph. D. thesis - J Cao McMaster - Materials Science and Engineering (2008) 


and other interactions [ 134, 185, 189-192, 194-208] discussed above influence the 


particle coagulation. 

Colloidal stability could be influenced by non-uniformity of the zeta potential on 

colloidal particles [209]. It is reasonable to expect that when ceramic particles come into 

contact with particles already deposited, the local lyosphere distortion and thinning 

mechanism proposed by Sarkar and Nicholson [75] could contribute to particle 

coagulation. Another important phenomenon to be considered in connection with the 

alternative mechanism proposed by De and Nicholson [179] is a local pH increase near 

the cathode surface. As stated above, various chemical reactions Eqs. (2.18-33). could 

result in a local pH increase. The reactions could result in a moderate pH increase in non­

aqueous solutions, whereas water-consuming reactions Eqs. (2.22-27) result in an 

appreciable pH increase near the cathode surface. 

In the mechanism proposed in [179] , the discharge-depletion of W in ethyl alcohol 

solvent induces the suspension pH to increase towards the isoelectric point of Al20 3 and 

facilitates particle coagulation. However, as pointed out in [79] , charge reversal can be 

expected at higher pH, and colloidal particles can be peptized by OR. It is in this regard 

that EPD of ceramic particles in aqueous suspensions was performed mainly on anodic 

substrates [76]. As pointed out above, adding cationic polyelectrolytes could result in a 

considerable shift of the particle isoelectric point. PEl is a cationic polyelectrolyte. 

However, in the region pH > 11, PEl carries no charge, promoting particle coagulation. 

Cathodic deposits could be prepared from aqueous suspensions containing PEl additive 

[77]. 
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(a) 

(b) 

Figure 2.6 Formation of organoceramic deposits using (a) ELD and (b) EPD of ceramic particles 

2.8 Electrodeposition of organoceramic materials 

2.8.1 Method based on ELD of ceramic particles and EPD of poly electrolytes 

The feasibility of cathodic electrodeposition of organoceramic materials based on 

oxides or hydroxides and charged polymers (PDDA, PEl) has recently been demonstrated 

[77]. The method developed in [77] is based on EPD of polymers and ELD of ceramic 

materials Fig. 2.6a. Various organoceramic films based on PDDA were studied [21 0­

214]. Electrodeposition was performed from solutions of metal salts containing PDDA. 

PDDA is a cationic polyelectrolyte (Fig. 2.3). The electrophoretic mobility of 

polyelectrolytes is given by Eq. 2.12. PDDA maintains a positive charge under basic 
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conditions. However, no electrophoretic deposition of PDDA films was achieved from 

aqueous PDDA solutions. It is important to note that electrophoresis is related to the 

motion of charged particles towards the electrode, but it is not responsible for the 

interfacial phenomena related to deposit formation. Cathodic deposits were obtained after 

addition of chloride or nitrate salts of Zr, Ce, Gd, Y, Fe, Ni, Cu, Co and La to PDDA 

solutions. Deposit weight increased with increasing salt concentration at a constant level 

of PDDA, as shown in Fig. 2.7. The pH in the bulk solution was low, whereas cathodic 

reactions resulted in a significant increase in pH value near the cathode [21 0-214]. 

Therefore, colloidal particles formed near the electrode were negatively charged. In this 

case, film formation was achieved via heterocoagulation of oppositely charged PDDA 

and colloidal particles of oxides or hydroxides formed near the cathode Fig. 2.6a. 

However, as pointed out in [21 0-214 ], the attraction of polyelectrolytes and colloidal 

particles could be electrostatic or non-electrostatic. This interaction is a complicated 

phenomenon, influenced by the pH, ionic strength and electric field. 
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Figure 2.7 Deposit weight versus Zr0Cl2 concentration in aqueous solutions containing lg/1 PDDA, current 
density 10 mNcm2

, deposition time 6 min 
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Figure 2.8 Deposit weight versus PDDA concentration in aqueous 0.005 M ZrOCI2 solutions, current 
density 5 mA/cm2

, deposition time 10 min 

The amount of organic phase in the deposits was evaluated from the results of 

thermogravimetric analysis [211 , 212]. An important finding was that deposit 

composition could be controlled by varying PDDA concentration in solutions. The 

amount of the organic phase in zirconia-PDDA deposits was found to be in the range 0-70 

wt.%. The deposit weight was also traced as a function of PDDA concentration at 

constant concentrations of metal salts [211 , 213]. The deposit weight increased with 

PDDA concentration (CpooA) .to a maximum [211 , 213] at low CpooA, as shown in Fig. 

2.8. It was suggested that PDDA serves as an electrolyte in compressing the double layer 

of ceramic particles formed near the electrode, resulting in particle flocculation and 

increasing the deposition process efficiency. Moreover, PDDA acts as a binder, providing 

better adhesion of the deposits. At PDDA concentrations beyond the maximum, the 

deposit weight dropped off continuously. It was suggested that when CpooA increases, 

PDDA particles accumulated near the electrode provide a shielding effect, preventing the 

formation of colloidal particles of metal hydroxides. As a result, the deposition efficiency 
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of both organic and inorganic phases decreas{~d . It should be noted again that no deposit 

formation was observed from pure aqueous PDDA solutions. The deposit weight of 

organoceramic deposits could be controlled by variation of the deposition time Fig. 2.9 . 

..: 
..CI 
~ 

-~ 0.2 

/ 
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Figure 2.9 Deposit weight versus deposition time for 0.005 M Zr0Cl2 + 1 g/l PDDA solutions at current 
density of 5 mNcm2 

Fig.2.1 0 shows cross-sections of organoceramic deposits on graphite substrates. The 

feasibility of electrochemical intercalation of charged polymers into electrolytic deposits 

is of significant importance for the further development of electrolytic deposition of 

ceramic materials. The critical thickness of ELD deposits achievable without crack 

formation could be increased up to 1-2jlm usnng PDDA with inherent binding properties. 

Small additives of PDDA act as a binder, preventing cracking and increasing adhesion of 

the deposit. At higher concentrations of PDDA, organoceramic deposits can be obtained 

[211]. 
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(a) 

(b) 

Figure 2.10 SEM pictures of organoceramic films on graphite substrates prepared from: (a) 0.005 M Zr0CI2 

+ 1g/l PDDA; and (b) 0.01 M CeCI3 + 1g/l PDDA solutions. 

2.8.2 Method based on EPD of ceramic partticles and polyelectrolytes 

Another method of electrodeposition of organoceramic films is based on EPD of 

ceramic particles and EPD of polyelectrolyte5. Ceramic particles may become positively 

or negatively charged, depending on the pH. The pH of the suspension should be lower 

than the isoelectric point of the oxides. In this case, the particles are positively charged 

and the electric field provides their motion ·towards the cathodic substrate. However, a 

charge reversal is expected at high pH near the cathodic substrate. The negatively charged 
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oxide particles compensate positive charges of polyelectrolytes near the electrode (Fig. 

2.6b). 

2.8.3 Other electrochemical strategies 

There are other electrochemical strategies for cathodic electrodeposition of 

organoceramic materials based on ELD and EPD of ceramic materials. Electrophoretic 

deposition of ceramic particles together with adsorbed neutral or charged polymers could 

result in deposits comprising the two types of materials [77, 174, 215, 216]. PYA is a 

neutral polymer. Cathodic electrodeposition of PYA films was performed from aqueous 

PYA solutions containing small additives of boric acid or borax [213]. The method used 

for PYA deposition is based on a local pH increase and formation of borate ions B(OH)4­

near cathode, followed by crosslink:ing of PV A molecules by the borate ions and PYA 

gelling. Electrode reactions are not directly involved in deposit formation and 

electrochemical deposition of PYA is not a Faradic process. However, experimental data 

presented in [213] indicate that deposit weight increases proportionally with deposition 

time. Moreover, higher deposit weights were obtained for PYA-boric acid solutions at 

higher current density. It is suggested that the deposition efficiency is dependent on pH, 

which in turn depends on the rate of base generation in cathodic reactions. SEM 

observations indicate that uniform and adherent deposits were obtained [213]. EPD and 

ELD were used for intercalation of ceramic particles into growing polymer films to form 

organoceramic deposits. 
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RESEARCH OlBJECTIVES 

The current work was dedicated to the synthesis and characterization of 

superparamagnetic organic-inorganic nanocomposites with the focus on advanced 

magnetic oxides with spinel structures, such as y-Fe20 3, Mn30 4 and NiFe20 4. The broad 

aim of this work was to develop ne electrochemical methods to fabricate 

superparamagnetic organic-inorganic nanocomposites and to understand the correlation 

between their structure and the functional properties. 

The research was focused on three specifi,c areas. The first goal was to develop novel 

electrodeposition methods for the fabrication of nanocomposite materials and to 

understand the effect of strong and weak polyelectrolytes and polymer-metal ion 

complexes on the deposition mechanisms and material structures of fabricated films. The 

second goal was to study the structural properties of the deposited film, especially the 

particle size distribution and the crystal structure of the nanoparticles, and to understand 

how to tailor these properties by changing electrodeposition conditions and annealing 

temperature. The third goal was to investigate the relationship between the structural 

properties of the deposited films and their magnetic properties. 

These research objectives were achieved y means of experimental approaches using 

range of techniques for characterization of structure and properties of materials combined 

with theoretical efforts using existing models. 
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CHAPTER3 


EXPERIMENTAL PROCEDURES 


As it was stated in the Chapter One an Chapter Two, the current work involved 

electrochemical fabrication of nanocomposites and characterization of their properties by 

various techniques. The objective of this chapter is to describe the conditions under which 

the work has been done. 

Electrochemical Deposition 

Commercial purity metal chlorides: such as FeC13·6H20 (Aldrich), NiCb·6H20 (Alfa 

Aesar), and MnCh·4H20 (Aldrich), and commercially available cationic polyelectrolytes: 

such as polyethylenimine (PEl) (80% ethoxylated, M w 70,000, Aldrich), poly(allylamine 

hydrochloride) (PAH) (Mw 70,000, Aldrich), chitosan (Mw 200,000, Aldrich), 

poly(diallyldimethylammonium chloride) (PDDA) (Mw 400,000-500,000, Aldrich) and 

poly(4-vinyl-pyridine) (P4VPy) (Mw 60,000, Aldrich) were used as starting materials for 

the solutions. The metal chlorides and polyelectrolytes were dissolved in the ethanol­

water solvent, in which the electrodeposition was conducted. The starting electrochemical 

solutions in Table 3.1 show different combinations of metal chlorides and 

polyelectrolytes used to produce various inorganic-organic nanocomposite films. 
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Table 3.1 Composition of the electrochemical solutions 

Polyelectrolytes Ethano1-water FeCI) MnCh NiCh Appeared in 

(g/1) (Volume ratio) (mM) (mM) (mM) the thesis 

PAH 0-0.5 70:30 5 4.1.1 

0.5-1 .0 70:30 5 4.1.2 

PEl 0.5-2.0 90:10 5 4.2.1 

0.4 95 (methanol):5 5 2.5 4.2.2 

1.0 95 (methanol):5 5 2.5 4.2.3 

Chi to san 0.2-0.3 70:30 5 4.3.1 

0.2 70:30 5 4.3.2 

PDDA 0.1-0.3 70:30 5 4.4.1 


P4Vpy 0.5 70:30 5 4.4.2 

*Chitosan with a degree of deacetylation of about 85% was dissolved in 1% acetic acid water to get a 0.6 
wt% solution and then used for the electrochemical solution. 

The electrochemical cell for deposition included a cathodic substrate centered 

between two parallel platinum counter-electrodes. The nanocomposite films were 

deposited on Pt foils (50mm x 50mm x 0.1mm), graphite plates (50mm x 6mm x 1mm), 

or carbon fiber felt (Lydall) (50mm x 30mm x 0.5mm) cathodes by a galvanostatic 

method at a current density range of 1-5 rnA/cm2
. The current efficiency during the 

electrodeposition could not be determined because the process is non-faradaic. To 

maintain a thin layer of base environment near the cathode, the solutions can not be 
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stirred during electrodeposition of the film. The deposition time was varied in the range 

0.5- 5 min. 

Electrodeposition of inorganic oxide nanoparticles was achieved by cathodic 

electrolytic deposition (ELD). In this method) metal ions or complexes were hydrolyzed 

by an electrogenerated base to form oxide or hydroxide deposits on cathodic substrates. 

Hydroxide precursors can be converted to the corresponding oxides by heat treatment. 

The current work has been focused on the: spinel-structured simple transition metal 

oxides, i.e. , Fe30 4, y-Fe203 and Mn304, and complex metal oxides, such as NiO/Fez0 3 

(NiFe204) and MnO/Fez03 (MnFez04). 

Electrodeposition of polyelectrolytes was achieved by electrophoretic deposition 

(EPD), in which charged polyelectrolytes, dissolved in a liquid medium, migrate in an 

electric field and deposit on the electrode. 

Combined methods, which were based on the EPD of polyelectrolytes or polymer­

metal ion complexes and cathodic electrosynthesis of inorganic materials, were used to 

obtain the inorganic nanoparticles in situ in the polyelectrolyte matrix. This method 

prevents agglomeration of nanoparticles, and enables preparation of thick oxide films and 

organic-inorganic nanocomposites. Cathodic deposits of various thicknesses in the range 

of up to several microns were obtained on Pt and graphite substrates. 

The films obtained were studied subsequently by various experimental techniques. 

The crystal structures of the nanocomposite films were characterized by the techniques 

such as X-ray diffraction analysis (XRD), thermogravimetric and differential thermal 

analysis (TG-DTA), scanning electron microscope (SEM), high resolution transmission 
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electron microscopy (HRTEM), and atomic force microscopy (AFM). The magnetic 

properties of the nanocomposite films were characterized by Quantum Design® PPMS­

9T (Physical Properties Measurement Syste:m 9 Tesla). AC susceptibility, hysteresis 

loops, and DC magnetization utilizing zero- teld-cooling (ZFC) and field-cooling (FC) 

procedures were measured. The following chapter, Experimental Results, is organized in 

such a way that it includes structural and magnetic characterization of the nanocomposite 

films. 

X-ray Diffraction 

The crystal structure of an inorganic pha~:e was determined by X-ray diffraction on a 

Nicolet 12 automated diffractometer using monochromatized Cu Ka radiation at a 

scanning speed of 0.5 °/min. 

TG-DTA 

The decomposition, crystallization, and reaction of organic and inorganic phases in 

the composite films were studied by thermogravimetric and differential thermal analysis 

(TG-DT A). The thermoanalyzer (Netzsch STA-409) was operated in air between room 

temperature and 1200 oc at a heating rate of 5 °C/min. 

Electron Microscopy 

A Field Emission Gun Scanning Electro Microscope (SEM) JEOL JSM-7000F was 

used to study the film morphology. 

The JEOL JSM-7000F is equipped with a Schottky type Field Emission Gun (FEG) 

filament which offers high resolution (1.2 nm @ 30 keV and 3.0 nm @ 1 keV) and large 

probe currents at small probe diameter to meet the needs for the characterisation of nano­
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structures. A multi-purpose specimen chamber, motorized specimen stage, one-action 

specimen exchange and an ideal geometry for techniques such as EDS, EBSD and e-beam 

lithography are also features of this instrument. 

Cross-sections of the nanocomposite films were prepared. First, the film was 

deposited onto a mechanically polished graphiJe substrate (50mmx6mmx 1mm). Then, the 

deposited substrate was quenched in liquid nitrogen for 30 seconds. Finally, its edge was 

cut and the crack propagated gently by a blade. By the quenching process, a clean and 

straight cross section could be obtained. 

A Field Emission Gun Scanning Transmission Electron Microscope (STEM) JOEL 

201 OF was used to obtain atomic resolution images and particle morphology. The JOEL 

2010F was operated at acceleration voltage 120 keY or 200 keY. 

The TEM samples were deposited directly on the carbon fibre felt substrate made of 

6 11m carbon fibre. A 3 mm diameter specimen was punched afterwards from the 

deposited carbon fibre felt by a puncher. Deposited films were well attached to the carbon 

fibres and were used in TEM studies without further processing. 

Atomic Force Microscopy 

Atomic Force Microscopy (AFM) was w;ed to characterize the surface roughness of 

fresh deposit films. Description of the techniques can be found in the other literature [217, 

218], and thus, only the basic principles are summarized here. 

The AFM consists of a microscale cantilever with a sharp tip at its end that is used to 

scan the specimen surface. The cantilever is typically Si or Si3N4 with a tip radius of 

curvature of the order of nanometers. When the tip is brought into proximity of a sample 
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surface, forces between the tip and the sample lead to a deflection of the cantilever 

(mechanical contact force, Van der Waals forces , capillary forces , chemical bonding, 

electrostatic forces , magnetic forces) , which is measured usually by a laser. The AFM can 

be operated in a number of modes, depending on the application, and in the present study, 

the AFM was operated in taping mode, which means the tip oscillates in the vertical 

direction. 

Care has to been taken in the sample preparation. The film was electrodeposited on a 

mechanically polished stainless steel substrate at a current density 2 mA/cm2 
. Higher 

current densities are not favorable because they may induce strong gas evolution and non­

uniform deposition on the substrate. A 3 mm diameter specimen was subsequently 

punched from the substrate by a puncher. 

Magnetic Measurements 

Magnetic properties were measured by a Quantum Design® PPMS-9T within 

temperature range from 1.8 K to 400 K. 

DC magnetiation measurements were pe formed using the extraction magnetometer 

option. Zero-field-cooled (ZFC) and field-cooled (FC) magnetization measurements were 

carried out in the following way. The sample was demagnetized at 300 K, then cooled to 

2 K in zero external field and after the temperature of the sample reached 2 K the field 

was turned on. The magnetization was measured in the applied field during heating the 

sample to 300 K. Subsequently, the sample was cooled in the magnetic field down to 2 K 

and the magnetization was measured during cooling. The divergence of FC and ZFC 
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curves allowed us to study the blocking temperature and its dependence upon the applied 

field. The applied field used in this work was either 200 Oe, or 500 Oe. 

AC susceptibility [219] measurements were carried out by applying AC magnetic 

field with the amplitude 5 Oe and the fre·quency in the range 10-10,000 Hz. The 

temperature of the sample was scanned from 2 K to 300 K and the measurements were 

carried out every 1 K between 2 K-50 K and every 5 K between 50 K and 300 K. AC 

magnetic susceptibility x, is a complex property which includes an in-phase real 

component x' and an out-of-phase imaginary component x". These components were 

evaluated automatically by the system at each measurement point. In this way, the 

dynamic properties, such as temperature dependence of the relaxation time 't could be 

determined. The results provided an insight into the relaxation processes of magnetic 

nanoparticles. 

Magnetic hysteresis loops were measured in a sweep mode in a temperature range 

from 2 K to 298 K. The external field sweep rate was 10 Oe/sec in 1 T range, or 100 

Oe/sec in 9 T range. This data was used to evaluate coercive force, remanence 

magnetization and saturation magnetization ofthe materials. 
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CHAPTER4 


EXPERIMENTAL RESULTS 


This chapter presents all the experimental results obtained in the current work. The 

results were categorized into four sections by focusing on different polyelectrolytes, such 

as PAH, PEl, Chitosan, and other strong and weak polyelectrolytes. Each section was 

further divided into some subsections that des1cribed the specific simple oxides, such as y­

Fe203, and Mn30 4, or complex oxides, such as Ni0/Fe20 3 (NiFe204), and MnO/Fe203 

(MnFe20 4). The results were focused on two main aspects: structural characterization and 

magnetic properties. 

4.1 Nanocomposites based on P AH 

4.1.1 Electrodeposition ofy-Fe20 3 using PAH 

The detailed description of electrodeposition of y-Fe20 3 using P AH was published by 

the present author in the journal Materials Chemistry and Physics, 96 (2006) 289-295, 

entitled "Electrodeposition of composite iron oxide - poly(allylamine hydrochloride) 

films" 
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Figure 4.1 X-ray diffraction patterns of the deposits prepared from 5 mM FeCb solutions: (a) as prepared 
and after annealing at (b)200, (c) 400 and (d)500 °C. V- y-Fe20 3 (JCPDS file 39-1346), A. ­
a-Fe20 3 (JCPDS file 33-664). 

The deposits were analyzed by XRD before and after annealing in the air at different 

temperatures. Fig.4.1 shows X-ray diffraction patterns of the deposits prepared from pure 

FeCi) solutions. The fresh deposits and those annealed at 200 oc exhibited peaks, which 

can be attributed to y-Fe20 3 or Fe30 4 . However, it is difficult to distinguish between y­

Fe20 3 and Fe30 4 due to the similar spinel structure of the both phases and peak 

broadening attributed to small particle size. Moreover, the two phases can form solid 

solutions. Small peaks of a- Fe20 3 appeared on the X-ray diffraction patterns at 400 oc in 
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addition to the peaks of the spinel phase. Aft(;r annealing at 500 oc the X-ray diffraction 

pattern showed peaks of a- Fe203. 

20 ~JO 60 

20, dt!grees 

Figure 4.2 X-ray diffraction patterns of the deposits prepared from 5 mM FeCI3 solutions containing 0.5 
g/1 PAH: (a) as prepared and those annealed at (b) 200, (c) 300 and (d) 400 °C. V'- y-Fe20 3 

(JCPDS 39-1346), .&. a-Fe20 3 (JCPDS 33-664) 

Fig.4.2 shows X-ray diffraction patterns of the deposits prepared from 5mM FeCh 

solutions containing 0.5 g/1 P AH. The fres:h deposits and those annealed at 200 oc 

showed a small peak around 28 = 36°. At 300 oc peaks of spinel iron oxide phase were 

observed. The XRD pattern of the sample annealed at 400 oc exhibited small peaks of the 

spinel phase in addition to the major peaks of tl- Fe20 3. 
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Figure 4.3 TG (a) and DTA (b) data for the deposits pre:pared from 5 mM FeCI3 solutions. 

Fig.4.3 shows the TG and DTA data for the deposits prepared from the FeCb 

solutions without P AH. A sharp reduction of sample weight was recorded below 150 °C, 

followed by a more gradual weight change. No appreciable weight loss was observed at 

temperatures exceeding 400 °C. The total Wt:ight loss at 1200 oc was found to be 10.9 

wt%. The observed weight loss can be attributed to the liberation of the adsorbed water. 

On the basis of the TG data it can be suggested that the deposition process results in the 

formation of y-Fe20 3. Weight gain, which can be attributed to the Fe30 4 - a-Fe20 3 

transformation, was not recorded. 

DTA data showed a broad endotherm at ,~ l 00 oc and an exotherm around 550 °C. 

The observed endotherm is associated with weight loss. The exotherm can be attributed to 
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Figure 4.4 TG (a) and DTA (b) data for the deposits prepared from 5 mM FeCh solutions, containing 0.5 

g/1PAH. 

TG data for the deposits prepared from 5rnM FeCJ3 solutions containing 0.5 g/1 PAH 

showed several steps in the weight loss below 550 oc (Fig.4.4 a). The total weight Joss at 

1200 oc was found to be 61.1 wt%. The total weight loss at 1200 oc for this deposit 

(Fig.4.4) exceeded significantly the weight loss for the deposit prepared from pure FeCh 

solution (Fig.4.3). These results indicate co-deposition of iron oxide and PAH. The 

additional weight Joss is attributed to burning out of an organic phase. The DT A data for 

the deposits prepared from 5mM FeCJ3 solutions containing 0.5 g/1 PAH (Fig.4.4) showed 

a broad endotherm in the range below 200 °C and exotherm in the range 350-550 °C. The 

endotherm is associated with weight loss. The exotherm can be attributed to burning out 
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The results of the TG are used to calculate the amount of an organic phase in the 

composite films. When considering the composite material as a mixture of organic and 

inorganic components, the weight percentage ofy-Fe20 3 in the deposits prepared from the 

5 mM FeCh containing 0, 0.2, 0.3 and 0.5 g/1 PAH was 89.1 %, 62.0%, 52.5% and 38.9%, 

respectively. 

Figure 4.5 SEM picture of a sectioned film (F) obtaim:d from a 5 mM FeC13 solution, containing 0.5 g/1 
P AH on a graphite substrate (S) . 
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Figure 4.6 AFM image of the film prepared from 5 mM FeCI3 solution containing 0.5 g/1 PAH at a current 
density of2 mA!cm2

. 

Composite films of various thicknesses in the range of up to several micrometers were 

obtained on Pt and graphite substrates by the variation of the deposition time and current 

density. Fig.4.5 shows a SEM picture of a composite iron oxide- PAH film on a graphite 

substrate. It was observed that electrodeposition results in uniform films. Surface 

roughness ofthe films was studied using AFM. Fig.4.6 shows the AFM image ofthe film 

prepared at a current density of2 mA/cm2
. The root-mean-square (rms) surface roughness 

ofthe film was found to be 1.6 nm. 
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Figure 4.7 Magnetization versus applied field for the deposits prepared from 5 mM FeC13 solutions. 
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Figure 4.8 Magnetization versus applied field for the deposits prepared from 5 mM FeC13 solution 
containing 0.5 gil PAH. 
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Fig.4. 7 shows typical magnetization versus magnetic field dependencies for the 

deposits prepared from FeCl3 solutions without P AH. The magnetization data obtained in 

the low field range indicated a hysteresis behaviour at 5 K. In contrast no magnetic 

hysteresis was observed at room temperature. The magnetization curve recorded at room 

temperature showed zero remanence and zero coercivity. These data are consistent with 

superparamagnetic behaviour of the nanoparticles. Plots of magnetizations versus 

magnetic field for the composite films showed hysteresis behaviour at 5K (Fig.4.8). 

However, nearly linear behaviour was observed at 298K. 

2K ~r 

- ·­ a 

- · - b 
-0- c 
-6- d 

-80 -40 0 40 80 

Applied Field, kOe 

Figure 4.9 Magnetization versus applied field for the deposits prepared from 5 mM FeCI 3 solutions 
without PAH (a) and containing 0.5 g/1 PAH (b, c, d): as prepared (a,b) and after annealed at 
200 oc (c) and 300 oc (d). 
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Fig.4.9 compares the magnetization curve~; at 2 K obtained in field range up to 90 kOe 

for the iron oxide deposits and composite filrns. The saturation magnetization was found 

to be~ 60 emu/g for the deposits prepared £rom 5 mM FeCh solutions. The composite 

films prepared from 5 mM FeCb solutions containing 0.5 g/1 PAH showed lower 

magnetization. However, annealing of the films at temperatures above 200 oc increased 

significantly the saturation magnetization, which was found to be ~25 emu/g after heat 

treatment at 300 °C. 
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Figure 4.10 DC magnetization for the deposit prepared from the 5mM FeCI3 solutions: field cooling (a,c) 
and zero field cooling ( b,d). 

Fig.4.1 0 shows DC magnetization of t e deposits prepared from 5 mM FeCh 

solutions. A separation of the ZFC and FC curves was observed at low temperatures. ZFC 
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curves exhibited broad cusps. The ZFC and FC curves obtained at 200 and 500 Oe 

superimposed at temperatures above 250 K and 175 K, respectively. 

Figure 4.11 Real part X: of AC magnetic susceptibility versus temperature at a frequency of I 0 Hz for the 
deposits prepared from the 5 mM FeCI3 sol tions without PAH (a) and containing 0.2 (b) and 
0.3 (c) g/1 PAH . 

Real part of AC susceptibility of the deposits prepared from 5 mM FeCb solutions 

exhibited a broad maximum around Tm ~ 260 K, which can be attributed to the 

superparamagnetic relaxation (Fig.4.11). In contrast, composite films, prepared from the 

solutions containing higher amounts of P AH exhibited maximum of the real part of AC 

susceptibility at lower temperatures. The experimental results for as-prepared composite 

films (Figs.4.11 and 4.12) indicate that T m decreases with increasing P AH concentration 
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in the solutions. The annealing of the films at temperatures of 200 and 300 oc increased 

Tm as shown in Fig.4.12. 
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Figure 4.12 Real part x' of AC magnetic susceptibility versus temperature at a frequency of 10Hz for the 
deposits prepared from the 5mM FeC13 solutions containing 0.5 g/1 PAH: as-prepared (a) and 

after annealed at 200 oc (b) and 300 oc (c) for 1 hour 
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4.1.2 Electrodeposition of Mn30 4 using PAll 

Cathodic electrodeposition was used to prepare magnetic Mn30 4 nanoparticles in situ 

in a polyelectrolyte P AH matrix at room temperature. In this section, the structural 

characterization and magnetic properties of Mn30 4 - PAH nanocomposite films were 

discussed. 

Structural characterization of Mn30 4 - F'AH nanocomposite 

The deposits were analyzed by X-Ray diffraction before and after annealing in air at 

different temperatures for one hour. Fig.4.13 shows X-ray diffraction patterns of the 

deposits prepared from 5 mM MnCh solution containing 0.5g/l PAH. The as-prepared 

deposit exhibited small broadened peaks belonging to Mn30 4 (Hausmannite, JCPDS file 

#24-0734). After annealing at 200 oc and 300 °C, Mn30 4 phase was mainly detected, and 

the XRD pattern was sharpened because o - grain growth. Further results from high 

resolution TEM and magnetic measurements. confirmed the presence of Mn30 4 phase. 

The deposits annealed at 400 oc and 500 oc showed pure Mn20 3 structure (JCPDS file 

#41-1442). 
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Figure 4.13 X-ray diffraction patterns for the deposits prepared from the 5 mM MnC12 solution containing 
0.5 g/1 PAH, (a) as prepared and those annealed at (b) 200 (c) 300 (d) 400 (e) 500 °C for 1 
hour. • -Mn20 3 (JCPDS 41-1442), V -Mn30 4 (JCPDS 24-0734) 

Fig.4.14 shows TG and DT A curves for the deposits prepared from 5 mM MnCb 

solutions containing 0.5 and 1.0 g/l PAH. The TG data of both samples (Fig 4.14 a, b) 

showed total weight loss of 39.6% and 52.1% of the initial weight, respectively. Both 

samples showed several steps in the weight loss in the temperature range up to 1200 °C. 

The data indicate that most of the weight loss occurs below 530 °C. The weight loss at 

530 oc was 38.9% and 50.1% for the deposit from 0.5 g/1 and 1.0 g/1 PAH, respectively. 

Further increase of the temperature gained 1.1 wt% and 0.2 wt% for the deposit from 0.5 

g/1 and 1.0 g/1 PAH, respectively, in the temperature range 530-680 °C. Another 1.8% 

weight loss occurred for both samples in the temperature range 930-970 °C. No weight 

changes were observed in the range 970-1200 °C. The corresponding DTA data (Fig.4.14 
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c, d) showed two endotherms around 100 oc and 950 °C, and exotherms in the range of 

200-680 °C. 

Figure 4.14 TG (a, b) and DTA (c, d) data for deposits prepared from the 5 mM MnCh solutions 
containing (a, c) O.Sg/1 and (b, d) l.Og/1 PAH 

A relationship between the observed exothermic and endothermic effects in DTA data 

and the steps in TG data were studied. The endotherm around 100 oc can be attributed to 

the liberation of the adsorbed water. The exotherms can be related to the burning out of 

the polymer. The weight gain in the temperature range 530-680 oc in Fig.4.14 can be 

attributed to the oxygen uptake due to the phase transition from Mn30 4 to Mn20 3 . The 

weight loss in the temperature range 930-970 ('C in Fig.4.14 can possibly be related to the 
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Composite films with various thicknesses [n the range up to several micrometers were 

obtained on the Pt and graphite substrates by changing the deposition time and current 

density. Fig.4.15 shows SEM observations of the cross-section of Mn30 4-PAH film 

deposited on graphite substrates. Uniform films were observed. 

Figure 4.15 SEM cross-sections of the films (F) deposited on the graphite substrate (S). The deposits were 
obtained from the 5 mM MnCI2 solutions containing 0.5g/l PAH 

Fig.4.16 shows high resolution TEM (HRTEM) image of the nanocomposite deposit 

obtained from the 5 mM MnCl2 solutions containing 0.5 g/1 PAH. It was visible that 

Mn30 4 nanoparticles were embedded in a polymer matrix. The average particle size 

counted from numerous images gave 4.6 ± 1.0 nm. 
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Figure 4.16 HRTEM images for the deposits prepared from the 5 mM MnCI2 solutions containing 0.5g/l 
PAH 

Fig.4.17 shows TEM image of the deposit prepared from the same sample. It 

contained the nanorods with the diameters of 2 - 4 nm and the lengths of tens of 

nanometres in the polymer matrix. HRTEM of one of the nanorods (inset in Fig.4.17) 

showed the lattice fringes of crystalline Mn30 4 . The formation of nanorods together with 

smaller particles of different shapes might result in the abnormal behaviour in the 

magnetization loop observed in the Mn30 4-PAH-0.5g-RT deposit. 
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Figure 4.17 TEM image showing the nanorods in the deposits prepared from the 5 mM MnCI2 solutions 
containing O.Sg/1 PAH (inset is a HRTEM image, which shows one of the nanorods) 

Magnetic properties of Mn30 4 - P AH nanocomposites 

For convenience, in the following chapter~;, the fresh deposit prepared from the 5 mM 

MnCh solution containing O.Sg/1 PAH is labelled as Mn30 4-PAH-0.5g-RT, and those 

annealed at 200, 300 °C, etc, for 1 hour as Mn30 4-PAH-0.5g-200, Mn30rPAH-0.5g-300 

etc. 

Fig.4.18 shows magnetization as a function of magnetic field curves at the 

temperatures 2 K, 5 K, 20 K and 50 K for the Mn30 4-PAH-0.5g-RT. Below the 

ferrimagnetic Nee! temperature (TN = 42 K), Mn30 4 nanoparticles show ferrimagnetism 
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with remnant magnetization and coercive foree decreasing with increase of temperature. 

Above the 42 K, only paramagnetic behaviour was observed. 

In Fig 4.18, sharp changes in the magnetization loops were observed in the vicinity of 

the switch in the applied field direction in the hysteresis loops measured at 2 K, 5 K and 

20 K . This jump of the curves may be caused by the magnetic reversion of the smallest 

particles in the system. 
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Figure 4.18 Magnetization versus applied field in 9 T range at temperatures 2, 5, 20 and 50 K for the 
Mn30 4-PAH-0.5-RT 

Fig.4.19 shows the temperature dependence of field cooling (FC) and zero field 

cooling (ZFC) magnetization ofthe Mn30 4-PAH-0.5g-RT sample, which were measured 

at 200 Oe and 500 Oe. The ferrimagnetic-paramagnetic transition is characterized by a 

divergence between FC and ZFC curves at Nt!:el temperature TN close to 42 K, where the 
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maximum in ZFC exists. The Nee! temperature obtained from T max of ZFC curves was 36 

K and 37 K for the applied field of200 Oe and 500 Oe, respectively. 
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Figure 4.19 Temperature dependence of FC (solid) and ZFC (open) magnetization measured at 200 Oe 
(triangle) and 500 Oe (circle) for the Mn30 4-PAH-0.5g-RT 
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Figure 4.20 Real and imaginary parts of AC complex susceptibility (x=x'-ix'') for Mn30 4-PAH-0.5g-RT 

97 




Ph. D. thesis - J Cao McMaster - Materials Science and Engineering (2008) 

The real and imaginary parts (x' and x") of the AC complex susceptibility for the 

Mn30 4-PAH-0.5g-RT are shown in Fig.4.20. On the increase ofthe temperature, the real 

and imaginary parts of the AC susceptibi lity increased with a maximum at T max and then 

decreased. The Nee! temperature TN, marked by T max, was found to be 37 K at 10 Hz and 

38 Kat 10kHz, which was slightly lower than TN= 42 K of the bulk materials. 
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Figure 4.21 Temperature dependence of the inverse sw;ceptibility in the paramagnetic range for Mn30 4 ­

p AH-0.5g-RT. Solid line is the best fit of Eq.l.l3 

The temperature dependence of x of a ferrimagnetic material in the paramagnetic 

region is approximated as _.!_ = !__ + -1
- (Eq. 1.13) in the high temperature region. 

X C Xo 

For the sample Mn30 4-PAH-0.5g-RT, the temperature dependence of the mverse 

susceptibility in paramagnetic region, measured in a field of 500 Oe, is shown in Fig.4.21 
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as a plot of llx versus temperature. The fitting of the linear region of 1/ x (150 K to 300 

K) to Eq.l.13 is also shown in Fig.4.21 as thi;: solid line with the following parameters, 

llx.o = 37.7 and C = 15.62, which gave a paramagnetic Curie point 8 = 589 K. This value 

is close to the experimental values ofTa=640 K reported by others [220, 221]. 

N 2 2 

The Curie constant C =_ll_o---'-- =­Ail--'•.ff"--Jl-8 4.1 
3k8T 

Where NA is Avogadro ' s number, Jleff is measured in Bohr magnetons per formula 

unit. In cgs units, where the molar susceptibility Xm is measured in emu/mol, the Curie 

constant is related to Jleff as follows: 

Jle.ff =2.827JC 4.2 

From Eq.4.2, the J.!enlformula gave 11.2 Jls/formula from our experiments. This value 

of Jleff is in agreement with results of other works [222]. 

Fig.4.22 shows magnetization as a function of magnetic field curves at the 

temperatures 2K, 5K, 20 K and 50 K for the tvln30 4-PAH-0.5g-200 composite. Below the 

ferrimagnetic Nee! temperature (TN = 42 K), the Mn30 4-P AH-0.5g-200 showed 

ferrimagnetism. The remnant magnetization and coercive force were reduced with the 

increase of the temperature. Above the 42 K, only paramagnetic behaviour was observed. 

There was no sharp change in the hysteresis loops in this sample, which is different from 

the previous one. This difference can be explained by the fact that the annealing changes 

the morphology ofthe Mn30 4-PAH-0.5g composite. 
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Figure 4.22 Magnetization versus applied field in 9 T range at temperatures 2K, 5 K, 20K and 50 K for 
the Mn30 4-PAH-O.Sg-200 

Fig.4.23 shows the temperature dependence of field cooling (FC) and zero field 

cooling (ZFC) magnetization of the Mn30 4-PAH-0.5g-200. The ferrimagnetic Nee! 

temperature TN obtained from T max of ZFC cw·ves was 3 7 K for both the fields of 200 Oe 

and 500 Oe. Above T max, FC was superimposed with ZFC into one line in paramagnetic 

region following Curie-Weiss law. 
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Figure 4.23 Temperature dependence of FC (solid symbols) and ZFC (open symbols) magnetization 
measured at 200 Oe (triangle) and 500 Oe (circle) for the Mn30 4-PAH-0.5g-200 

Figure 4.24 shows temperature dependence of real and imaginary parts (x' and x") of 

the AC complex susceptibility for the Mn30 4-P AH-O.Sg-200 sample. T max in the real part 

of AC susceptibility curve at particular frequency indicates Neel temperature TN of the 

sample. These measurements gave T N=3 9 K in the frequency range of 10 Hz - 10 kHz, 

showing no frequency dependence. There was no superparamagnetic transition peak 

below TN. 
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Figure 4.24 Real and imaginary parts of AC complex susceptibility (x=x'-ix") for the Mn30 4-PAH­
0.5g-200 
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4.2 Nanocomposites based on PEl 

Polyethylenimine (PEl) is a polybase when dissolved in aqueous solution. The pH of 

an aqueous solution containing 1 wt% PEl was found to be about 11 and at this pH the 

PEl molecule has no charge. PEl adsorbs protons in the acidic solutions and becomes 

charged positively through protonation of the ~ :econdary amine groups in acidic solutions, 

according to the reaction [223]: 

[ -CH2-CHrNH-]n+H30 + ---+[-CH2-CH2-NHt -]n +H20 4.5 

PEl has a positive charge over a wide pH range below pH 1 l , however the charges 

decrease with increasing pH. Therefore the high pH value at the cathode surface reduces 

electrostatic repulsion of PEl macromolecules and promotes their deposition on the 

cathodic substrates. It is known that PEl macw molecules acquire a positive charge as a 

result of complex formation with metal ions such as Ni2+, Co2+, Mn2+ and Fe3+. Electric 

field provides the electrophoretic motion of the polymer-metal ion complexes towards the 

electrode surface. It is suggested that these ions participate in cathodic reactions to form 

nanoparticles of metal oxide/hydroxides. Free · etal ion species, which are not complexed 

by PEl also exist in solutions and contribute to the electrosynthesis of the inorganic phase 

[82]. 
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4.2.1 Electrodeposition of Mn304 using PEl 

5mM MnCh solution containing 0.5-2 g/1 PEl in ethanol-water (10 vol% water) 

solvent were prepared for electrodeposition. When the MnCh dissolved in ethanol-water 

solution, it had no color. It turned to light brown after adding of PEl. It is suggested that a 

complex between manganese ions and PEl fonms in the solution, giving the color change. 

The electrodeposition was conducted at a current density range of 1-5 mA/cm2
. The 

deposition time was varied from 0.5 to 5 min to obtain various film thicknesses. 

Structural characterization of Mn30 4 - F'EI nanocomposite 

X-ray diffraction patterns of the deposi s prepared from 5 mM MnCh solution 

containing 0.5g/l PEl are shown in Fig.4.25. XRD of fresh deposits exhibited their 

amorphous nature (Fig.4.25 a). After annealing at 200 oc and 300 °C, the deposits 

showed small peaks belonging to Mn30 4 (hausmannite, JCPDS) phase. The peak 

broadening can be caused by small particle size. Deposits annealed at 400 oc and 500 oc 

exhibited peaks attributed to Mnz03 structure. 

Fig. 4.26 shows X-ray diffraction patterns of the deposits obtained from solution 

containing 1.0 g/1 PEl. XRD pattern of the fresh deposit (Fig.4.26 a) showed amorphous 

phase. After annealing at 200 and 300 °C, XRD patterns showed small peaks belonging to 

Mn30 4 (hausmannite, JCPDS) phase. The deposit annealed at 400 oc showed additional 

peaks attributed to Mn20 3 structure. The results indicate the phase transition from Mn30 4 

to Mn20 3. Only the Mn20 3 phase appeared at higher annealing temperatures at 500 oc 

and 600 °C. 
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Figure 4.25 X-ray diffraction patterns for the deposits prepared from the 5 mM MnCI2 solution containing 
0.5 g/1 PEl, (a) as prepared and those annealed at (b) 200 (c) 300 (d) 400 (e) 500 °C for I 
hour. • -Mn20 3 (JCPDS file 41-1442), V --Mn30 4 (JCPDS file 24-0734) 
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Figure 4.26 X-ray diffraction patterns for the deposits p:repared from 5 mM MnCI 2 solution containing 1.0 
g/1 PEl, (a) as prepared, and those annealed at (b) 100 (c) 200 (d) 300 (e) 400 (f) 500 and (g) 
600 oc for I hour. •-Mn20 3 (JCPDS file 41-1442), V -Mn30 4 (JCPDS file 24-0734) 

Fig.4.27 shows TG/DTA of the deposits prepared from the 5 mM MnCh solutions 

containing 0.5 g/1, 1.0 g/1, and 2.0 g/1 PEl, n :spectively. The TG data (Fig.4.27 a, b, c) 

indicated that most of the weight loss occurred below 420 °C. The weight loss at 420 oc 

was 37.7%, 47.8%, and 60.2% weight percentage of the initial sample weight for the 

three deposits obtained from the solution containing 0.5 g/1, 1.0 g/1, and 2.0 g/1 PEl, 

respectively. Further increasing the temperatUJre, there was a weight gain of 0.9%, 0.9%, 

and 0.4% in the temperature range 450-550 "C, and a weight loss of 1.6%, 2.7%, and 

1.5% in 930-970 oc for the three deposits, respectively. The total weight losses at 1200 
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oc were 38.4%, 49.6%, and 61.3% of the initial sample weight for the three deposits 

obtained from the solution containing 0.5 g/l, 1.0 g/l, and 2.0 g/l PEl, respectively. The 

corresponding DTA data (Fig.4.27 c, d, e) showed two endotherms around 100 oc and 

950 °C, and exotherms in the range of200-550 °C. 

A combination of DTA thermal peaks and weight changes in TG data suggests that 

the endotherm around 100 oc can be attributed to the liberation of the adsorbed water, 

and the exotherms can be related to the burning out of the polymer. The weight gain in 

the temperature range 450-550 oc can be attributed to oxygen uptake due to the phase 

transition from Mn30 4 to Mn20 3. The weight loss in the temperature range 930-970 oc 

can be caused by the phase transition from Mn20 3 to Mn30 4. 
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Figure 4.27 TG (a, b, c) and DTA (d, e, f) data for deposits prepared from the 5 mM MnCI 2 solutions 
containing (a, d) O.Sg/1, (b, e) l.Og/1, and (c:, f) 2.0 g/1 PEl 
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Composite films with various thicknesses in the range up to several micrometers were 

obtained on Pt and graphite substrates by changing the deposition time and the current 

densities. Fig.4.28 shows SEM observations of the cross-section of Mn304-PEI films 

deposited on graphite substrates at a current density of 2 mA/cm2 for 5 min. It was 

observed that electrodeposition resulted in uniform films and good adhesion. 

Figure 4.28 SEM cross-sections of the films (F) deposited on the graphite substrate (S). The deposits were 
obtained from the 5 mM MnC1 2 solutions containing 0.5g/l PEl at a current density of 2 
mA/cm2 for 5 min .. 

Fig.4.29 shows high resolution TEM (HRTEM) images ofthe nanocomposite deposits 

obtained from the 5 mM MnCb solutions containing 0.5 g/1 PEL It was found that Mn30 4 

nanoparticles were randomly distributed in the polymer PEl matrix and atomic fringes 

overlapped with each other in some areas, indicating that there might be magnetic 

interactions among Mn304 nanoparticles, and the agglomeration of the particles can not 
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be avoided. The average particle size measured from numerous images gave an average 

diameter of3.0±0.2 nm. 

Figure 4.29 HRTEM of deposit from 5 mM MnCh solution containing O.Sg/1 PEl 

Magnetic Properties ofMn30 4 - PEl nall\ocomposite 

For convenience, in the following chapters, the fresh deposit prepared from the 5 mM 

MnCh solutions containing 0.5 g/1 PEl was labeled as Mn30 4-PEI-0.5g-RT, and those 

annealed at 200 °C, and 300 oc for 1 hour as ~An304-PEI-0.5g-200, and Mn30 4-PEI-0.5g­

300.The fresh deposit from the 5 mM MnCb solutions containing 1.0 g/1 PEl was labeled 

as Mn30 4-PEI-l.Og-RT, and those annealed a1 200 °C, and 300 oc for 1 hour as Mn30 4 ­

PEI-l.Og-200, Mn30 4-PEI-l.Og-300, and etc. 
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Figure 4.30 Magnetization versus applied field in 9 T range at temperatures 2 K and 20 K for the deposits 
prepared from the 5 mM MnCI2 solution c:ontaining (a) 1.0 g/1 PEl and (b, c, d) 0.5 g/1 PEl, 
in which (b) as prepared and (c, d) annealed at 200 and 300 °C 

Fig.4.30 shows magnetization versus applied field in 9 T range at the temperatures 2 

Mn304-PEI-0.5g-300 samples labelled as (a), (b), (c), and (d), respectively. At 2 K, all the 
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samples exhibited ferrimagnetism. The remnant magnetization Mr and coercive force He 

were reduced at 20 K, which indicated the thermal energy disturbs the stable 

magnetization and decreases the magnetization reversal energy. Superparamagnetic 

behaviour was observed for the Mn30 4-PEI-l.Og-RT and Mn30 4-PEI-0.5g-RT at 20 K, 

where it showed zero Mr and zero He. Further experiments on the DC magnetization and 

AC susceptibility gave more solid evidence. 

Fig.4.31 shows the temperature dependence of field cooling (FC) and zero field 

cooling (ZFC) magnetization measured at 200 Oe for these four samples. The 

ferrimagnetic transition is characterized by a divergence between FC and ZFC curves. 

The TN is marked by the T max on the ZFC curves, which is close to 42 K of the bulk 

Mn30 4. The TN was observed at 26 K, 35 K, 38 K and 42 K for (a), (b), (c), and (d) 

samples, respectively. A secondary maximum was observed for samples a and b at 

temperatures of 3 K and 10 K, respectively. This phenomenon, which was also observed 

in the AC susceptibility characteristics, is most likely caused by superparamagnetic 

relaxation due to the extremely small particle sizes. It is known that in Mn30 4 

nanoparticles, superparamagnetic behavio r can be observed only if the 

superparamagnetic blocking temperature TEl is lower than the ferrimagnetic Nee! 

temperature TN· 
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Figure 4.31 Temperature dependence of FC ( • ) and ZFC ( o) magnetization measured at 200 Oe for the 
deposits prepared from the 5 mM MnC12 solutions containing (a) 1.0 g/1 PEl and O.Sg/1 PEl 
(b, c, d), (b) as prepared and (c, d) annealed at 200 and 300 oc 
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Figure 4.32 Real parts of AC magnetic susceptibil ity versus temperature at 10 kHz for the deposits 
prepared from the 5 mM MnCh solution containing (a) 1.0 g/1 PEl and (b, c, d) 0.5 g/1 PEl, 
in which (b) as prepared and (c, d) annealed at 200 and 300 oc 

Fig.4.32 shows the real parts (X') of AC susceptibility versus temperature at 10 kHz 

PEI-O.Sg-300 samples. The Nee) temperature TN was characterized by a relaxation peak 

113 


http:Fig.4.32


Ph.D. thesis - JCao McMaster- Materials Science and Engineering (2008) 

at Tmax, giving aTN value of 31 K, 36 K, 39 K, and 43 K for the samples (a) to (d) . A 

secondary peak was observed in the fresh deposits , Mn30 4-PEI-l.Og-RT, and Mn30 4-PEI­

0.5g-RT (samples (a) and (b), Fig.4.32 a, b) at the temperatures of 7 K and 14 K, 

respectively. It can be caused by the superparamagnetic relaxation marked by the 

blocking temperature T8 • 
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Figure 4.33 Temperature dependence of the inverse susceptibility in the paramagnetic range for the 
deposits prepared from the 5 mM MnCh solutions containing 0.5g/l PEl. Solid line is the 
best-fit to Eq.l.l 3 

The temperature dependence of the inverse of susceptibility llx in the paramagnetic 

region for sample Mn30 4-PEI-0.5g-RT is shown in Fig.4.33. The measurements were 

taken in a field of 500 Oe. The fitting of the linear region of 11 x(150 K to 300 K) to a 

1
linear approximation_.!._= T +-- (Eq. l.13) with the parameters, llxa = 33 .9 and C = 

X C Xo 

6.14 is shown as the solid line on the graph. The analysis gave a paramagnetic Curie point 

8 = 208 K. 
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4.2.2 Electrodeposition of NiFe204 using PEl 

In the previous investigations [224], cathodic electrosynthesis of the composite films 

consisting ofNi/Fe hydroxide and polyethylenimine (PEl) were developed. In the current 

work, the characterization of the magnetic properties of Ni/Fe complex oxide was being 

carried out. 

The deposits were analyzed by X-ray diffraction before and after annealing in air at 

different temperatures for one hour. In Fig.4.34, XRD patterns of the as prepared deposit 

indicated their amorphous nature (Fig.4.34 a) . After annealing at 300°C and 400°C, the 

deposit showed small broadened peaks belonging to the spinel structured NiFe20 4 phase 

(JCPDS file #10-325) (Fig.4.34 b, c). The peak broadening is caused by small grain size. 

The X-ray diffraction patterns of deposits annealed at 600 °C and 800 oc showed that 

they have NiFe20 4 structure (Fig.4.34 d, e). The intensity of the peaks increased with 

increasing temperatures, which infers the growth of the crystal size. 
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Figure 4.34 X-ray diffraction of the deposit from 5 mM FeCI3 and 2.5 mM NiCI2 solutions containing 0.4 
g/1 PEl, as prepared (a) and those annealed at 300 (b), 400 (c), 600 (d), and 800 °C (e) for I 
hour. T- NiFe20 4 , JCPDS file #10-325. 

The SEM surface image of the deposit sintered at 600 oc is shown in Fig.4.35. An 

interesting observation regarding the deposit microstructure was that it consisted of 

submicron rods with the length of about 1 J..lm and the diameter of less than 0.1 J..lm . 
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Figure 4.35 	 SEM image of the deposits prepared from 5 mM FeCI3 and 2.5 mM NiCI2 solutions 
containing 0.4 g/1 PEl on silver wire substrate and annealed in air at 600 °C for I hour 

Magnetic properties of NiFe20 4 nanostrlllctures 

Magnetic properties were studied with a Quantum Design PPMS-9 System for the 

deposits prepared from the 5 mM FeCh and 2.5 mM NiCh solutions containing 0.4 g/1 

PEl after annealed at 600 oc and 800 oc for 1 hour. For convenience, in the following 

chapters, they were labeled as NiFe20 4-PEI-600 and NiFe20 4-PEI-800, respectively. 
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Figure 4.36 Magnetization versus the applied field in 9 T range measured at temperatures of 2 K, I 00 K, 
150 K and 298 K for the deposits obtained from 5 mM FeCh + 2.5 mM NiCI2 solutions 
containing 0.4 gil PEl after annealing at 600 °C for I hour. 

Figure 4.36 shows the magnetization versus high applied field in 9 T range measured 

at different temperatures for the NiFe20 4- EI-600. At a temperature of 2 K, the 

magnetization data showed ferrimagnetism with non-zero remnant magnetization and 

non-zero coercive force. When the measuring temperature increased to 100 K and above, 

no hysteresis loop was observed and the curves showed zero remanence and zero 

coercivity. This suggested that the sample wa.s superparamagnetic at temperature of 100 

K and above. The magnetization of the sample decreased with increasing temperature and 

did not saturate even at the maximum applied field of 9 Tesla. 
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Zero remanence and zero coercivity are observed in the superparamagnetic state for 

very small particles because thermal fluctuations can prevent the existence of a stable 

magnetization. Below the blocking temperature, magnetic particles become magnetically 

frozen, and as a result, remanence and coercivi.ty appear on the plot of magnetization as a 

function of applied field . 
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Figure 4.37 Magnetization versus temperature normalized field in the superparamagnetic state for the 
deposits annealed at 600 oc 

Fig.4.37 shows the magnetization behavior versus temperature normalized field (H/T) 

for the NiFe20 4-PEI-600 at temperatures higher than the blocking temperature. In the 

superparamagnetic state, the magnetization curves obtained at different temperatures can 

be superimposed in a plot of M=f(H/T). As shown in Fig.4.37, the magnetization versus 

HIT plots between 100 K and 250 K were almost ideally superimposed, and only small 
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deviations from the superimposed line were observed for characteristics obtained at 

higher temperatures 200 K and 250 K 

-o- Experiment Data (298 K) 

--Langevin Flttlng 
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Figure 4.38 Magnetization versus applied field in 9 T at temperature of 298 K. The solid line 
represents the best fit of the experimental data using Langevin function 

In order to evaluate the magnetic moment per particle j.!, two approaches were used. 

In the first approach, the magnetization versus applied field in the superparamagnetic 

state was fitted by the Langevin function, as shown in Fig.4.38: 

M = M L( j.iH J= M [coth( j.iH J- kaT] 4.6 
s · k T s k T "u

B B fU' 

where M is magnetization in emu/g, Ms is saturation magnetization taken as 1.95 emu/g 

in this case, ll is magnetic moment per part·icle, k8 the Boltzmann constant and T the 

absolute temperature. It showed almost ideal Langevin-type behaviour of the 
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paramagnetic materials, which gave J.l = 128 J.lu per particle (f.ls is Bohr magneton) at 298 

K (Fig.4.38). 

Alternatively, the magnetic moment per particle J.l was estimated usmg the 

relationship derived by Chantrell and coworkers for ferrofluids : 

4.7 


where Xi is the initial susceptibility of the magnetization (emu/gOe), Ms is the saturation 

magnetization (emu/g). The initial susceptibility Xi was found from linear fitting of M 

versus H curve in zero field region (Fig.4.39 a). Values ofMs and 1/Ho are obtained from 

plotting the magnetization versus the inverse of the applied field (1/H) at the high field 

regime, where the relationship was linear (Fig.4.39 b). The value of the Ms is obtained by 

extrapolating the linear fitting of the experimental data to zero value of 1/H, i.e. , 

Ms=M(l/H~O). On the other hand 1/H0 is obtained by extrapolating to zero 

magnetization, i.e., 1/H0= 1/H(M~O). For the case of magnetization measured at 298 K 

shown in Figure 6 for which the initial susceptibility Xi= 2.069* 1 o-5 emu/gOe, Ms = 1.85 

emu/g and 1/Ho = 3.30* 1 o-5 oe-\ the magnetic moment per particle was obtained as f.l = 

148 f.lB· These two approaches matched very well with each other. Small deviation is 

expected because Chantrell's model takes account ofthe particle size distribution whereas 

the Langevin function assumes identical particle size. 
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Figure 4.39 Chantrell's model to obtain the magnetic moment per particle: (a) the initial susceptibility 
obtained from the linear fitting of M versus H. (b) linear fitting of M versus 1/H. Both 
magnetization curves were measured at 298 K. 

Magnetization curves versus applied field in 1 T range measured at different 

temperatures for the NiFe20 4-PEI-600 are shown in Fig.4.40. The magnetization curves 

showed hysteresis loops at temperatures of 2 K and 5 K, while they vanished at the 
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temperature 10 K and above. The coercive force at temperatures of 2 K and 5 K was 

found to be 870 Oe and 270 Oe, respectively. The remnant magnetization was 0.21 emu/g 

and 0.08 emu/gat temperatures of2 K and 5 K. 
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Figure 4.40 Magnetization versus applied field in the 1 T range measured at temperatures of 2, 5, I 0 and 
50 K for the deposit prepared from 5 mM FeCI3 and 2.5 mM NiCI2 solutions containing 0.4 
g/1 PEl after annealing at 600 oc 
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Figure 4.41 Temperature dependence of the real part (X') of AC susceptibility measured at frequencies 
between 10 Hz and 10kHz for the depm.it prepared from 5 mM FeCI3 and 2.5 mM NiCI2 

solutions containing 0.4 g/1 PEl after annealing at 600 °C. 

Fig.4.41 shows the temperature dependence of the real part x' of the complex AC 

susceptibility, which was also measured in the frequency range 10 Hz to 10 kHz. The 

peaks in the real part (X') of AC susceptibility arise from the superparamagnetic 

relaxation, and the T max in the curve corresponds to the blocking temperature T B· As 

frequency changes, the curves split from each other at a temperature below T max and 

slightly above it, while they are superimposed in the T > Tmax region, in which 

superparamagnetic behavior is observed. As the frequency is increased, T max shifts to 

higher temperature, and T 8 obtained from the real part (x') of AC susceptibility was 12 K 

and 15 K at 10 Hz and 10 kHz, respectively. Relatively weak frequency dependence of 

blocking temperature was observed in these nanocomposites. 
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Figure 4.42 Temperature dependence ofFC (solid symbols) and ZFC (open symbols) of DC magnetization 
measured at 200 Oe (triangle) and 500 Oe (circle) for the deposit prepared from 5 mM FeCh 
and 2.5 mM NiC]z solutions containing 0.4 g/1PEl after annealing at 600 °C for one hour. The 
inset is the low temperature region . 

DC magnetization was investigated for the NiF~04-PEI-600. Fig.4.42 shows 

temperature dependence of zero-field-cooled (ZFC) and field cooled (FC) DC 

magnetization curves measured at low magnetic fields of 200 Oe and 500 Oe. On 

increasing the temperature from 2 K to 300 K, ZFC magnetization increased with a 

maximum at Tmax and then decreased, while FC magnetization decreased with 

temperature over the whole temperature regime. At temperatures below T max, FC 

magnetization diverged from the ZFC curve and the two curves merged and followed one 

superimposed characteristic at temperatures slightly higher than Tmax, for a given applied 
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field, as shown in Fig.4.42. It is believed that the system is in a superparamagnetic state 

when FC and ZFC curves superimpose. Increasing the magnetic field caused the T max of 

the ZFC magnetization to be shifted towards lower temperatures. As indicated in the inset 

of Fig.4.42, T max was 9.5 K and 9.0 K for an applied field of 200 Oe and 500 Oe, 

respectively. 
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Figure 4.43 Inverse magnetic susceptibility as a function of temperature obtained from the ZFC curve 
measured at 500 Oe (From Fig.4.42 open circle) 

Fig.4.43 represents inverse magnetic susceptibility (g/cm3
) as a function of 

temperature for the ZFC curve measured at the low field of 500 Oe. In the 

superparamagnetic regime where FC and ZFC curves merge, the temperature dependence 

of the inverse susceptibility is given by a linear relationship [225] : 
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Where 0 sp is the superparamagnetic constant, and the Curie constant C = 

<V>M2(T)/3k8 for low applied field, M(T) is saturation magnetization at temperature T, 

and <V> is the average volume of particles. 

In Fig.4.43, a straight line was not obtained, and deviation from linear behaviour was 

observed in the high temperature region in the superparamagnetic state. The deviation 

could be due to M(T) thermal variation. A correction for llx data can be done by using 

the M(T)/M(O) ratios deduced from magnetization data, then a straight can be expected 

[225]. 

Magnetic properties of the deposits prepared from 5 mM FeCh and 2.5 mM NiCh 

solutions containing 0.4 g/1 PEl after annealing at 800 oc showed very different behavior. 

Fig.4.44 shows magnetization versus high applied field in the 9 T range measured at 

2, 100, 150 and 298 K for the deposits a ealed at 800 °C. All the curves showed 

hysteresis loops, which were marked by non-zero coercive force He and remnant 

magnetization Mr. The magnetization of the sample decreased with increasing 

temperature, and it was saturated in the applied field range of 9 Tesla. The saturation 

magnetization reached 45 emu/g and 41 emu/g at 2 K and 298 K, respectively. 
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Figure 4.44 Magnetization versus applied field in the 9T range measured at 2, I00, 150 and 298 K for the 
deposit prepared from 5 mM FeCI3 and 2.5 mM NiCh solution containing 0.4 g/1 PEl and 
after annealing at 800 oc. 

One explanation for the difference in the magnetization versus applied field data 

between the deposits annealed at 600 oc and 800 oc can be the particle size difference. 

The deposit annealed at 600 oc consists of submicron rods with a length of about 1 J..Lm 

and diameter of less than 0.1 J..Lm. On the other hand the deposit annealed at 800 oc 

contains a larger particle size, which is beyond the critical size required to determine its 

superparamagnetic behavior at room temperature. 
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Figure 4.45 Magnetization versus applied field in the I T range measured at 2, 5, I 0 and 50 K for deposits 
from 5 mM FeCh and 2.5 mM NiC)z soltJtions containing 0.4 g/1 PEl after annealing at 800 
oc 

Magnetization curves versus applied field in 1 T range measured at different 

temperatures for the deposit annealed at 800 oc are shown in Fig.4.45. The magnetization 

curves show hysteresis loops at all the temperatures up to 298 K. The coercive force is 

found to be much smaller than in the previous sample, with a value of about 100 Oe at 

temperatures of 2 K. The remnant magnetization is about 2.5 emu/g at the temperature of 

2K. 
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Fig.4.46 shows the temperature dependence of the real part x' of the complex AC 

susceptibility, which is measured in the frequency range between 10 Hz and 10 kHz for 

the deposit annealed at 800 °C. The data show no peaks corresponding to the 

superparamagnetic relaxation up to room temperature. 
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Figure 4.46 Temperature dependence of real part (X') of AC susceptibility measured at frequencies of 10 
Hz and 10 kHz for the deposit prepared from 5 mM FeCI3 and 2.5 mM NiCh solution 
containing 0.4 g/1 PEl after annealing at 800 °C. 

Fig.4.47 shows the temperature dependence of ZFC and FC magnetization in low 

applied fields of 200 Oe and 500 Oe for the deposit annealed at 800 °C. In the 

temperature range from 2 K to 298 K, FC magnetization (Fig.4.47 a, c) decreases with 

increasing temperature, and FC magnetization diverges from the ZFC curve over the 

whole temperature regime. 
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Figure 4.47 Temperature dependence of FC (a, c) and ZFC (b, d) magnetization measured at 200 Oe and 
500 Oe for the deposit prepared from 5 mM FeC13 and 2.5 mM NiC(z solutions containing 0.4 
g/1PEl after annealing at 800 °C. 
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4.2.3 Electrodeposition of MnFe204 using PlE:I 

Electrodeposition was performed from 5 mM FeCI3 and 2.5 mM MnCiz solutions 

containing 1.0 g/1 PEl at a current density in the range of 1 - 5 mA/cm2 for a deposition 

time of 0.5 - 5 min. X-ray diffraction is used to study the phase content in the deposits 

after annealing at different temperatures of 800 °C, 1000 oc and 1200 oc for 1 hour. As 

visible in Fig.4.48, the phase content changes from Mn20 3, Mn20 3 I Fe20 3 mixture to the 

pure MnFe20 4 spinel phase for sample anneale:d at 800 °C, 1000 octo 1200 oc. 
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Figure 4.48 X-ray diffraction pattern for deposits prepa red from 5 mM FeCI3 and 2.5 mM MnCI2 solutions 
containing 1.0 g/1 PEI after annealing a (a)800, (b)IOOO and (c)l200 oc for 1 hour. .A­
Mnfe204, • -a-Fe20 3, 'V -Mnz0 3 

The deposit annealed at 800 oc has been studied by the Energy Dispersion 

Spectroscopy (EDS) technique. Although the XRD data shows that only Mn20 3 phase is 
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present without traces of Fe species, the standard-less EDS analysis gives the atomic ratio 

ofMn and Fe close to l :2, as shown in following Table 4.1 , which indicates co-deposition 

ofMn and Fe species. 

Table 4.1 A qualitative standard-less EDS analysis results ofMnFe20 4 deposit 

Element Wt% % oxide atom % app. ZAF 3 sigma 

cone% factor 

0 22.37 50.00 0.05 

Mn 26.81 34.62 17.45 34.07 0.934 1.5585 

Fe 50.82 65 .38 32.55 65.88 0.953 2.4520 

When increasing the annealing temperature to 1000 °C, the XRD results show the 

peaks of Fe20 3 phase. In the meanwhile, MnFe20 4 phase starts forming and after 

annealed at 1200 oc for l hour, only MnFe20 4 spinel phase is observed in the deposit. 
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4.3 Nanocomposite based on Chitosan 

Chitosan is a natural cationic polysaccharide that can be produced by alkaline N­

deacetylation of chitin. Important propertie~ ; of this material, such as antimicrobial 

activity, chemical stability, biocompatibility, and advanced mechanical properties, have 

been utilized in biotechnology. Water soluble and positively charged chitosan can be 

prepared by the protonation of amine groups in acidic solutions: 

4.9 

At pH 6.5, the primary amine groups of CHIT become deprotonated. The charges of 

chitosan decreases with increase of pH and dissolved chitosan usually flocculates at pH 

above 6.5. 

Electric field provides the motion of the charged chitosan macromolecules towards 

the cathode surface. It is suggested that the cathodic reactions, such as: 

4.10 

result in an increase of pH value at the electrode surface. Therefore, chitosan loses its 

charge and forms an insoluble deposit on the cathode surface: 

CHIT-NH3+ + 0~- CHIT-NH2 + H20 4.11 

The results of the current work demonstrate the possibility of the fabrication of 

composite films using a combined deposition method based on the electrolytic deposition 

(ELD) of metal oxide and electrophoretic deposition (EPD) of chi to san 
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4.3.1 Electrodeposition ofy-Fe203 using chitosan 

Cathodic electrodeposition was developed for the fabrication of nanocomposites 

containing y-F~03 particles in the chitosan matrix. The proposed method was based on 

the electrosynthesis of y-Fe20 3 and electrophoretic deposition of cationic chitosan 

macromolecules. The electrodeposition was performed from 5 mM FeCh solution 

containing 0.2 - 0.3 g/1 chitosan at a current density in the range of 1 - 5 mA/cm2 for a 

deposition time of 0.5 - 5 min. 

Structural characterization ofy-Fe203-Chitosan nanocomposite 

The deposits were analyzed by XRD before and after annealing in air at different 

temperatures. Fig.4.49 shows X-ray diffraction pattern of the deposits prepared from 

5mM FeCb solutions containing 0.2 g/1 chitosan. The fresh deposit and those annealed at 

200 oc exhibited a small peak around 28 = 36°. After annealing at 300 °C, broadened 

peaks, which can be attributed to y-Fe20 3 or Fe30 4, were observed. However, it is 

difficult to distinguish between y-Fe20 3 and Fe30 4 due to the similar spinel structure of 

the both phases and peak broadening. Moreover, the two phases can form solid solutions. 

After annealing at 400 °C, the X-ray diffraction pattern showed pure phase of a- Fe20 3. 
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Figure 4.49 X-ray diffraction patterns for the deposits prepared from 5 mM FeCI3 solution containing 0.2 
g/1 chitosan: (a) as-prepared, and those annealed at (b) 200 (c) 300 and (d) 400 oc for I hour. 
V'- y-F~03 (JCPDS 39-1346), A - a-Fe20 3 (JCPDS 33-664). 

Fig.4.50 shows X-ray diffraction patterns of the deposits prepared from 5mM FeCh 

solutions containing 0.3 g/1 chitosan. The fre~:h deposit and those annealed at and below 

200 oc exhibited a small peak around 28 = 36 °. After annealing at 300 °C, Fig.4.50 d, the 

X-ray showed peaks of spinel iron oxide phase. The XRD pattern of the sample annealed 

at and above 400 oc exhibited the major peaks of a- Fe20 3. 
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Figure 4.50 X-ray diffraction patterns for the deposits prepared from 5mM FeC13 solution containing 0.3 
g/1 chitosan: (a) as-prepared, and those after annealing at (b) 100, (c) 200 (d) 300 (e) 400 and 
(f) 500 oc for 1 hour. V- y-Fe20 3 (JCPDS 39-1346), .._ - a-Fe20 3 (JCPDS 33-664). 

Fig.4.51 shows TG and DTA curves for the deposits prepared from 5 mM FeCh 

solutions containing 0.2 g/1 chitosan. The TG data (Fig.4.51 a) showed total weight loss 

of 41 .2% of the initial weight, with three steps in the weight loss in the temperature 

ranges of 50-150 °C, 200-400 oc and 450-500 °C. The corresponding DT A data (Fig.4.51 

b) showed one endotherm around 100 oc and several exotherms in the range of 200-500 

The DT A data is in good agreement with the results of TG studies. The endotherm at 

100 oc is associated with water evaporation and corresponding weight loss of 10% is 

observed in the TG. The exotherms in the range of 200-500 oc can be attributed to 

burning out of chitosan and the y-Fe20 3 - + a-Fe20 3 transformation. Considering the 
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composite material as a mixture of organic and inorganic components, the content of an 

organic phase was found to be 41.2 wt%, obtained from TG data. 
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Figure 4.51 TG (a) and DTA (b) data for the deposits prepared from 5 mM FeCI3 solutions containing 0.2 
g/1 chitosan. 
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Figure 4.52 HRTEM images for the deposits prepared from the 5 mM FeCI3 solutions containing 0.2 g/1 
chitosan 

Fig.4.52 shows HRTEM images of the nanocomposite deposits obtained from the 5 

mM FeCh solutions containing 0.2 g/1 chitosan. The y-Fe20 3 nanoparticles were 

randomly distributed in situ within the chitosan. The average particle size was estimated 

around 3.2 ± 0.5 nm by counting numerous images. 

Magnetic properties of y-Ft!203-chitosan nanocomposite 

In the following chapters, the fresh deposilt obtained from the 5 mM FeCb solutions 

containing 0.2 g/1 chitosan was labelled as FeChi-RT, and those annealed at 300°C for 1 

hour as FeChi-300. 
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Figure 4.53 Magnetization versus applied field measured at temperatures of 10 K and 50 K for FeChi-RT. 

Fig.4.53 shows the magnetization curve: for FeChi-RT. The magnetization data 

obtained at 10 K exhibited the hysteresis loop with the small coercive force of less than 

300 Oe. The curves measured at temperatures of 50 K and above indicate that the sample 

is in superparamagnetic state, with zero coercive force and zero remnant magnetization. 
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By fitting the magnetization versus applied field data in the superparamagnetic state, 

two approaches can be used to evaluate the magnetic moment per particle )..!. In the first 

approach, the magnetization versus applied field in the superparamagnetic state is fitted 

by the Langevin function Eq. 4.6, as shown in Fig.4.54. It showed almost ideal Langevin­

type behaviour of the paramagnetic materials, which gave)..!= 39 )..!B per particle at 100 K. 

-o- Experiment Data (100 K) 


--Langevin Flttlng 


M(H)~A*[coth(B*H)-1/(B*H)J 


A ~ 8.50, B ~ 0.0263 


)J. ~ 391\... = 0 
~ o~-----------------~~-----------------4 

-
~ 

.~ 
~ 

~ 

~ 

= 
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Figure 4.54 Magnetization versus applied field measured at 100 K for FeChi-RT. The solid line is the best 
fit of the experimental data using Langevin function 
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Figure 4.55 Experimental data for magnetization compared to the data calculated using Chantrell ' s (a) 
linear fitting of M versus H. (b) linear fitting of M versus 1/H. Both magnetization curves 
were measured at 100 K. 

Alternatively, the magnetic moment per particle )..l was estimated by utilizing 

Chantrell's model (Chapter 4.2.2). The initial ~;usceptibility Xi= 8.489* 10-5 emu/gOe, was 

obtained by fitting the magnetization versus low field curve (Fig.4.55 a). Values of Ms 
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and 1/Ho were obtained from plotting the magnetization versus the inverse of the applied 

field (1/H) at the high field regime (Fig.4.55 b), which gave Ms = 8.38 emu/g and 1/Ho = 

2.89* 1 o-s oe- 1
• The magnetic moment per particle was obtained as 1-l = 44 1-!B from 

Chantrell's equations. 

Small deviation between the results obtained using these two approaches is expected 

because the Chantrell's model takes into account the particle size distribution, while the 

Langevin function assumes identical particle size. 
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Figure 4.56 Temperature dependence of FC (solid cirdes) and ZFC (open circles) of DC magnetization 
measured at 200 Oe for FeChi-0.2g-RT 

Fig.4.56 shows temperature dependence of DC magnetization for zero-field-cooled 

(ZFC) and field cooled (FC) FeChi-0.2g-RT sample, measured at low magnetic field of 

200 Oe. On increasing the temperature from 2 K to 300 K, ZFC magnetization increased 
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with two maxima at T maxi = 8 K and T max2 = 31 K, and then decreased. The phenomenon 

of two peaks on ZFC curve reveals that the nanoparticle assembly contains two distinct 

sizes, which gives a double-peak particle size distribution. FC magnetization diverged 

from the ZFC curve at temperatures below T max2 · It is suggested that the particles are in a 

superparamagnetic state when FC and ZFC curves superimpose above T maxZ · 
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Figure 4.57 Temperature dependence of real (x') and imaginary parts (x") of AC susceptibility measured at 
frequencies range of 10Hz-10kHz for the FeChi-0.2g-RT 

In Fig.4.57, AC susceptibility ofFeChi-RT exhibited a broad maximum around T max~ 

20 K in x' and two maxima at T max i =8 K and T max2 = 52 K in x", which all can be 

attributed to the superparamagnetic relaxation. The broad peak in the real part of x, and 

two maxima in imaginary part of xcan be caw;ed by the broad particle size distribution in 

the nanoparticle assembly. 
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Magnetic properties of FeChi-300 

The Langevin function fitting to the magnetization data of FeChi-300, shown in 

Fig.4.58, gave ).! = 205 ).!s per particle at 298 K. It is seen that the magnetization 

behaviour deviates from the ideal Langevin function for paramagnetic materials. Such 

deviation indicates that there can be strong interparticle interaction, or wide particle size 

distribution in FeChi-300 sample. 
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Figure 4.58 The Langevin fitting of magnetization versus applied field in 9 T at temperature of 298 K for 
FeChi-300. The solid line is the best fit of the experimental data using Langevin function 
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The fitting results for the magnetization data of FeChi-300 measured at 298 K 

(Fig.4.59) by Chantrell ' s model, gave the initial susceptibility Xi = 7 .587* l o·4 emu/gOe, 

1Ms = 12.63 emu/g and l!H0 = 3.92*10-5 oe· , which yielded the magnetic moment per 

particle )l = 3 73 )..ls . 

The relatively high initial susceptibility Xi value in magnetization curves shown in 

Fig.4.59 (a) indicates that larger particles might exist in the system, since Xi is more 

sensitive to the larger particles. From the mea~;ured values of Xi and l!H0, it is possible to 

make two estimates of the diameter: Di (Eq. l.3l ), which is derived from the initial 

susceptibility and Du (Eq.1.32), which is calc,ulated from the magnetization data at high 

field region. 

(1.31) 

I 

D = [6k8 T __1_)3 (1.32) 
u nM~ H

0 

If the system has a distribution of particle sizes, the two diameters will differ, and in 

general, Di>Du, since Xi is more sensitive to he larger particles, whilst the approach to 

saturation is more sensitive to the smaller particles [ 42] . 
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Figure 4.59 Chantrell ' s model to obtain the magnetic moment per particle: (a) the initial susceptibility 
obtained from the linear fitting of M versus H. (b) linear fitting of M versus 1/H. Both 
magnetization curves are measured at 298 K for FeChi-300 
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Figure 4.60 Temperature dependence ofFC (solid circle) and ZFC (open circle) magnetization measured at 
200 Oe for FeChi-300 

Fig.4.60 shows temperature dependence of DC magnetization for zero-field-cooled 

(ZFC) and field cooled (FC) FeChi-300 samples measured at low magnetic fields of 200 

Oe. On increasing the temperature from 2 K to 300 K, ZFC magnetization increased with 

a maximum at T max = 125 K and then decreased. FC magnetization diverged from the 

ZFC curve at temperatures below T max, and two curves merged and followed one 

superimposed characteristic at temperatures higher than about 175 K. This characteristic 

temperature is called breaking temperature TBr and can be considered as a 

superparamagnetic blocking temperature o ' the largest particle in the assembly. 

Relatively large difference between T 8 and T Br suggests a broad distribution of particle 

sizes in the composite. 
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Figure 4.61 	 Temperature dependence of real part (x.' ) and imaginary part (x") of AC susceptibility 
measured at frequencies I 0 - I 0 kHz for Fc:Chi-300 

In Fig.4.61, temperature dependence of AC susceptibility of FeChi-300 shows a broad 

maximum around T max ~ 150 K in X' and T max = 130 K in x", which was attributed to the 

superparamagnetic relaxation. 
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4.3.2 Electrodeposition of Mn30 4 using chitosan 

The electrodeposition was performed fro m 5 mM MnCh solution containing 0.2 g/1 

chitosan at a current density in the range of 1 - 5 mA/cm2 for a deposition time of 0.5 - 5 

mm. 

X-ray diffraction patterns of the deposits prepared from 5 mM MnC12 solution 

containing 0.2 g/1 chitosan are shown in Fig.4.62. XRD of fresh deposit and those 

annealed at 300 oc and 400 °C, showed small peaks belonging to Mn30 4 (hausmannite-

JCPDS file #24-0734) phase. The peak broade·ning can be caused by small particle size. 

Deposits annealed at 500 oc exhibited peaks attributed to Mn20 3 structure. 
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Figure 4.62 X-ray diffraction patterns for the deposits prepared from the 5 mM MnCI2 solution containing 
0.2 g/1 chitosan: (a) as prepared and those annealed at (b) 300 (c) 400 and (d) 500 oc for 1 
hour. • -Mn20 3 (JCPDS 41-1442), V -Mn30 4 (JCPDS 24-0734) 
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Figure 4.63 TG (a) and DTA (b) data for deposits prepared from the 5 mM MnCI2 solutions containing 0.2 
g/1 Chitosan 

Fig.4.63 shows TG and DT A curves for the deposits prepared from 5 mM MnCh 

solutions containing 0.2 g/1 chitosan. The TG data (Fig.4.63 a) indicated that essentially 

most ofthe weight loss occurred below 500 °C. The weight loss at 500 oc was 32.0% of 

initial sample weight. There was a weight gain of 1.0% in the temperature range 500-600 

°C. Another weight loss of 2.4% occurred in 930-970 oc if further increase the 

temperature. It showed total weight loss of 33.4% ofthe initial weight. The corresponding 

DT A data (Fig.4.63 b) showed two endotherms around 100 oc and 950 °C, and 

exotherms in the range 200-600 °C. 
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There is a possible connection between the observed exothermic and endothermic 

effects in DTA data and the steps in TG data. The endotherm around 1 00 oc can be 

attributed to the liberation of the adsorbed water. The exotherms can be related to the 

burning out polymer. The weight gain in the temperature range 500-600 oc can be 

attributed to the oxygen uptake due to the phase transition from Mn304 to Mn203. The 

weight loss in the temperature range 930-970 "C can be related the phase transition from 

Figure 4.64 HRTEM images for the deposit prepared · rom the 5 mM MnCI2 solution containing 0.2 g/1 
chitosan 

Fig.4.64 shows high resolution TEM (HRTEM) images of the nanocomposite deposits 

obtained from the 5 mM MnCh solutions containing 0.2 g/1 chitosan. It is seen that 
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Mn304 nanoparticles are randomly distributed m a polymer matrix. The micrograph 

showed that the atomic fringes overlap wi 'h each other in some areas, indicating 

agglomeration of Mn30 4 nanoparticles. The effect is attributed to magnetic interaction of 

Mn30 4 nanoparticles. The average particle size determined from numerous areas analysed 

gave the particle diameter of 4.4 ± 0.5 nm. 

Magnetic properties of Mn30 4 - chitosan nanocomposite 

In this chapter, the fresh deposits prepared from 5 mM MnClz solutions containing 0.2 

g/1 chitosan were labeled as MnChi-0.2g-RT, and those annealed at 300 oc for 1 hour as 

MnChi-0.2g-300. 

Studies ofthe MnChi-0.2g-RT sample 

Fig.4.65 shows magnetization versus applned field curve of MnChi-0.2g-RT in 9 T 

range at the temperatures 5 K and 20 K. The MnChi-0.2g-RT showed ferrimagnetism at 

the temperature below TN· The remnant magnetization and coercive force decreased with 

increasing the temperature to TN· 

It is suggested that the observed magnetization behaviour comes from two 

contributions to the magnetization: the magnetically ordered particle core, and the 

structurally and magnetically disordered surface structure. The surface effect is 

significant in the magnetic behaviour of nanoparticles. 
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Figure 4.65 Magnetization versus appl ied field in 9 T range measured at temperatures 5 K and 20 K for 
MnChi-0.2g-RT 

Fig.4.66 compares the magnetization versus applied field behaviour (l Tor 9 T range) 

measured at 10 K for MnChi-0.2g-RT. The magnetization curve of MnChi-0.2g-RT in 9 

T range (Fig.4.66 a) showed a reversible linear part above 3 T, and an irreversible loop 

below 3 T. Only irreversible loop was observed in the magnetization in I T range 

(Fig.4.66 b) . The irreversible loop behaviour is attributed to the magnetic reversal of 

magnetically ordered core, and the reversible linear part comes from the alignment of 

magnetization towards applied field, and also from the magnetically disordered surface 

layer. The coercive force obtained from the magnetization curve in 9 T range and in 1 T 

range was 3400 Oe and 250 Oe respectively. 
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Figure 4.66 Magnetization versus high (9T) and low (IT) applied fields measured at I0 K for MnChi-0.2g­
RT. Open circles show initial magnetization curve. 
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A relatively large change of magnetization near the zero applied field on the 

magnetization curves is shown in Fig.4.66. The magnitude ofthis change was recorded to 

be 3.2 emu/g·kOe, and 4.7 emu/g·kOe in 9 T and 1 T range respectively, and it decreased 

with increase of measuring temperature. This phenomenon might arise from the wide 

distribution of particles sizes. It is suggested that the smaller particles, which are in the 

superparamagnetic state, contribute to this large change in the magnetization curves. 

Fig.4.67 shows the temperature dependence of the field cooling (FC) and zero field 

cooling (ZFC) magnetization of the MnChi-0.2g-RT deposit. On the increase of the 

temperature, ZFC magnetization increased with a maximum at T max and then decreased. 

FC magnetization decreased with temperatuJre over the whole temperature range. FC 

diverged from ZFC and two curves merged and followed one superimposed line at 

temperatures slightly higher than T max· In the regime where FC and ZFC merged together, 

paramagnetic behaviour was observed b following the Curie-Weiss law. The 

ferrirnagnetic Nee! temperature TN obtained from T max of ZFC curves was 37 K for the 

fields of 200 Oe. 
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Figure 4.67 Temperature dependence of FC (solid) and ZFC (open) magnetization measured at 200 Oe for 
MnChi-0.2g-RT 

The real and imaginary parts (x' and x") ofthe AC complex susceptibility for MnChi-

0.2g-RT are shown in Fig.4.68. On the increase of the temperature, real and imaginary 

parts of the susceptibility increased with a maximum at T max and then decreased. The 

Nee) temperature TN, as marked by T max, was found to be 37 K in the frequency range of 

10 Hz - 10 kHz, and showed no frequ1:::ncy dependence. No evidence for the 

superparamagnetic transition was found in this sample. 
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Figure 4.68 Temperature dependence of real and ima ·nary parts of AC complex susceptibility (x=x'-ix") 
measured at frequency range I 0- 10kHz for MnChi-0.2g-RT 

Studies of MnChi-0.2g-300 sample 

Fig.4.69 shows the temperature dependentce of the field cooling (FC) and zero field 

cooling (ZFC) magnetization of the MnChi-0.2g-300 deposit. On the increase of 

temperature, ZFC increased with a maximum at Tmax and then decreased. FC 

magnetization decreased with the temperature over the whole temperature region. FC 

diverged from ZFC and two curves merged and followed one superimposed line at the 

temperatures slightly higher than T max· In the regime where FC and ZFC merged together, 

the paramagnetic behaviour was observed by following the Curie-Weiss law. The 

ferrimagnetic Neel temperature TN obtained from T max of ZFC curves was 39 K at the 

magnetic fields of 200 Oe. 
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Figure 4.69 Temperature dependence of FC (solid) and ZFC (open) magnetization measured at 200 Oe for 
MnChi-0 .2g-300 

The real and imaginary parts (X' and x") ofthe AC complex susceptibility for MnChi­

0.2g-300 are shown in Fig.4.70. On the increase of the temperature, the real and 

imaginary parts of the susceptibility increased with a maximum at Tmax and then 

decreased. The Neel temperature TN, as marked by T max, gave 40 K in the frequency 

range 10 Hz - 10 kHz, and showed no frequency dependence. No evidence for the 

superparamagnetic transition was found for this sample. 
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Figure 4.70 Temperature dependence of real and imaginary parts of AC complex susceptibility (x=x'-ix") 
measured at the frequency range of 10 Hz to 10 kHz for MnChi-0.2g-300 
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4.4 Nanocomposites based on other strong ~md weak polyelectrolytes 

4.4.1 Electrodeposition of y-Fe20 3 using PD:OA 

Poly(diallyldimethylammonium chloride) (PDDA) is a strong polycation because of 

the quaternary amino group. The degree of ditssociation of the ionic groups of PDDA is 

nearly pH independent in a wide pH range below pH 13. 

The electrodeposition was performed from 5 mM FeCh solution containing 0.1 - 0.3 

g/1 PDDA at a current density in the range of 1 - 5 mA/cm2 for a deposition time of 0.5 ­

5 min. 

Magnetic properties of y-Fe20 3 - PDDA nanocomposite 

Fig.4.71 (a, b) compares the temperature dependence of AC susceptibil ity (X' and x") 

for the deposit prepared from 5 mM FeCb solution containing 0.2 g/1 and 0.3 g/1 PDDA, 

respectively (Fe20 3-PDDA-0.2g-RT, Fe20 3-PDDA-0.3g-RT). 

The peaks in the real part (X') of AC susceptibility arise from the superparamagnetic 

relaxation, and the T max in the curves corresponds to the blocking temperature T 8 . Tmaxi 

and T max2 were found to be 47 K and 130 Kin the real part of AC susceptibility of Fe20 3­

PDDA-0.2g-RT (Fig.4.71 a), and Tmax i dropped to 25 K in Fe203-PDDA-0.3g-RT 

(Fig.4.71 b). It is found that the weight percentage of the polymer in the deposit increases 

while increasing the polymer concentration in the bath solution. Therefore smaller 

particle sizes and less particle agglomerations can be expected in the samples with higher 

polymer concentration, what in turn lowers the blocking temperature. 
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Figure 4.71 Temperature dependence of the AC susceptibility (real part x.' and imaginary part x.") for the 
deposits from 5 mM FeCI3 solutions containing (a)0.2 g/1 and (b)0.3 g/1 PDDA 

Broad and multiple relaxation peaks were observed in both real and imaginary parts 

of AC susceptibility of the samples shown in Fig.4. 71. This can be attributed to a broad 

particle size distribution and the effect of particle agglomeration. The partial 

agglomeration of particles can lead to two dis1inct sizes of the particles, having a fraction 

of separated individual particles gives a lower blocking temperature T 8 marked by the 

Tmax i, and the other fraction of the agglomeration gives the higher T 8 marked by the 

Tmax2· 
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Fig.4.72 (a, b) shows the temperature dependence of the zero-field-cooled (ZFC) and 

field cooled (FC) of DC magnetization curves measured at low magnetic fields of 200 Oe 

for the Fe20 3-PDDA-0.2g-RT and Fe20 3-PDDA-0.3g-RT deposits. On the increase of the 

temperature from 2 K to 300 K, ZFC magnetization ofFe20 3-PDDA-0.2g-RT (Fig.4.72 a) 

increased with a maximum at T max = 29 K and then decreased, which gave an average 

blocking temperature T 8 from the average particle size. FC magnetization diverged from 

the ZFC curve below the temperature T8 ,, which is called breaking temperature, 

corresponding to the superparamagnetic blocking temperature of the largest particle in the 

assembly. Above T Br, two curves merged and followed one superimposed characteristic. 

The breaking temperature T Br of Fe20 3-PDDA-0.2g-RT was 85 K. Relatively large 

differences between T 8 and T Br suggests a broad particle size distribution. Similar curve 

trend was recorded for Fe20 3-PDDA-0.3g-RT (Fig.4.72 b), which gave T8 - 22 K and T8 r 

- 70 K. The broad particle size distribution may be caused by the agglomeration of the 

colloidal particles during the electrodeposition, which contains a fraction of the separate 

individual particles and also another fraction of the agglomerated larger particles. 
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Figure 4.72 Temperature dependence of ZFC and FC magnetization measured at 200 Oe for the deposits 
prepared from 5 mM FeCI3 solution containing (a) 0.2 g/1and (b) 0.3 g/1PDDA 
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4.4.2 Electrodeposition of- y-Fe203 using P4VPy 

Protonated poly(4-vinyl-pyridine) (P4VPyH) is a cationic weak polyelectrolyte, 

which can be used for the electrodeposition using combined method of ELD and EPD 

[95]. 

Cathodic electrodeposition was performed from 5 mM FeCh solution containing 0.5 

g/1 P4VPy at a current density in the range of ·1 - 5 mA/cm2 for a deposition time of 0.5 ­

5 min. 

As shown in Fig.4.73, TG data for the deposits prepared from 5mM FeCI3 solutions 

containing 0.5 g/1 P4VPy showed several steps in the weight loss below 600 °C. The total 

weight loss at 1200 oc was found to be 29 wt%. The corresponding DTA data showed a 

broad endotherm in the range below 200 oc and exotherms in the range 200-600 °C. The 

endotherm was associated with evaporation of adsorbed water. The exotherms could be 

attributed to burning out of polymer P4VPy. 

These results indicate the co-deposition of iron oxide and P4 VPy. TG data is used to 

calculate the amount of an inorganic phase in the composite films. When the composite 

material was considered as a mixture of organic and inorganic components, the content of 

an inorganic phase was found to be 71 wt%. Therefore, the nanocomposite films are 

formed by the co-deposition method based em the EPD of polyelectrolyte P4VPy and 

cathodic electrosynthesis of iron oxide. 
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Figure 4.73 TG (a) and DTA (b) data for the deposit prepared from the 5 mM FeCI3 solution containing 
0.5g!l P4VPy 

The present work started a new area m the electrodeposition of magnetic 

nanocomposite films. New electrochemical fabrication methods and deposition 

mechanisms for the electrodeposition of nanoiCOmposite films have been developed. The 

new electrochemical strategies for the deposition and testing results will be discussed in 

chapter 5. 
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CHAPTJER 5 


DISCUSSION 


The present chapter is dedicated to the discussion of the electrodeposition 

mechanisms and film properties. The main topics covered in this section include: 

deposition mechanisms of nanocomposite films using different polyelectrolytes, particle 

size distribution of magnetic nanoparticles and their effect on the magnetic properties, 

and the particle size dependence of the Nee! te perature. 

5.1 Deposition mechanisms of nanocomposites using various polyelectrolytes 

Several different cationic polyelectrolytes were used in our experiments, such as PEl , 

P AH, Chi to san, PDDA and P4 VPy. Among them, PDDA is a strong polyelectrolyte 

because it contains the quaternary amino group, while PEl, PAH, P4VPy and chitosan are 

weak polyelectrolytes, containing mainly primary and secondary amino group. 

Deposition mechanisms of various polyelectrolytes are different as a result of the 

polymer-metal ions or polymer-inorganic nanoparticle interactions. 

Before discussing the deposition mechanisms of nanocomposite films using the above 

polyelectrolytes, it is worth mentioning a few basic aspects which are common for all 

experiments carried out in our work. Firstly, the electrochemical strategies used in our 

work combine the EPD of polyelectrolytes or polymer-metal ion complexes and cathodic 

electrosynthesis of inorganic materials for the electrosynthesis of nanoparticles in situ in a 

polymer matrix. Through this approach, partid e agglomeration can be avoided. Secondly, 

cathodic electrodeposition is performed in either an ethanol-water, or methanol-water 

167 




Ph.D. thesis - JCao McMaster- Materials Science and Engineering (2008) 

solvent. The deposition process needs a certain amount of water for base generation in the 

cathodic reactions (Eq.2.22, 2.23). Methanol and ethanol are important solvents because 

they reduce gas evolution and the electrostatic repulsion of the polymer macromolecules 

[73, 76, 161, 226]. 

It is important to notice that the weight percentage of the inorganic phase in the 

deposits reduces with the increase of the polyelectrolyte concentration in the 

electrochemical bath solutions. These results imply that electrodeposition combines the 

EPD of polyelectrolytes or polymer-metal ion omplexes and cathodic electrosynthesis of 

inorganic materials. In the solution containing 5 mM FeCh, when the P AH concentration 

increases from 0, 0.2, 0.3 to 0.5 g/1, the weight percentage of y-Fe20 3 in the deposits 

reduces from 89.1 %, 62.0%, 52.5% to 38.9%, respectively, as shown in the Fig.4.3 and 

Fig.4.4. In the solutions containing 5 mM MnC)z, as P AH concentration increased from 

0.5 to 1.0 g/1, the weight percentage of Mn30 4 in the Mn30 4-PAH deposits decreases 

from 60.4% to 47.9%, as shown in Fig.4.14 of Chapter 4. In the solution containing 5 mM 

MnC)z, when the PEl concentration increases from 0.5 g/1, 1.0 g/1 to 2.0 g/1, the weight 

percentage ofMn30 4 in the Mn30 4-PEI deposits drops from 61.6%, 50.4% to 38.7%, as it 

is shown in Fig.4.27. 

5.1.1 Cathodic electrosynthesis of inorganic rnanoparticles 

Previous studies showed that, in the cathodic electrosynthesis of inorganic 

nanoparticles, the positively charged metal ion:; or polymer-metal ions complexes migrate 
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to the cathodic region where the high pH environment generated by the cathodic reactions 

(Eq.2.22, 2.23) allows fur the formation of colloidal particles. 

Our experiments showed that colloidal particles of hydroxide or oxide are formed , but 

that oxidation of the colloidal particles may occur in air at room temperature. Our results 

indicate that nanocrystalline Mn30 4 has been obtained from the 5 mM MnC[z solution 

containing different cationic polyelectrolytes, fmch as PEl, P AH, chi to san, which suggest 

that Mn2 
+ species are partially oxidized in air to form Mn30 4. Indeed, the oxidation of 

Mn(OH)2 in air to form Mn30 4 is also reported for the powders prepared by chemical 

precipitation methods in other studies [227]. It is difficult, however, to distinguish 

between peaks of Mn30 4 (JCPDS file 24-0734) and y-Mn20 3 (JCPDS file 18-803) 

because of the XRD peak broadening of the nanocrystalline oxides [228] . In our work, it 

has been confirmed by magnetic measurement~; that it is the Mn30 4 phase (JCPDS file 24­

0734) that forms at room temperature. The fresh deposits obtained from MnCb­

polyelectrolyte solution show a characteristic Nee! temperature around 42 K, which is 

consistent with bulk Mn30 4, in AC susceptibility and DC magnetization measurements. 

A previous study by Bon and Zhitomirsky [7] indicated that spinel phases y-Fe20 3 or 

Fe30 4 were synthesised in the heat-treated deposits of composite iron oxide­

polyelectrolyte films from an FeCb solution containing PDDA or PEL It is difficult to 

distinguish between y-Fe20 3 and Fe30 4 due to the similar XRD pattern and peak 

broadening caused by the small crystal size. 

In our experiments, the cathodic elec:trosynthesis of composite Iron oxide­

polyelectrolyte films were conducted from the 5 mM FeCl3 solution containing different 
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cationic polyelectrolytes, such as PAH, chito8an, PDDA, and P4VPy. The same result 

occurs even without polyelectrolyte (Chapter 4). X-ray diffraction confirms the formation 

of spinel iron oxide nanoparticle in the fresh deposits obtained from FeCh solution with 

or without polyelectrolytes. Moreover, our TG data show no weight gain in the phase 

transformation occurred at 400 oc when the room temperature spinel phase changes to a­

Fe20 3, which suggests that the y-Fe20 3 is formed in the fresh deposits (Fig.4.3). The 

reason for the formation of y-Fe20 3 can be related to the nature of iron species formed in 

the mixed ethanol-water solution. It is known that various cationic species exist in FeC13 

4solutions, including monomers Fe0H2+, Fe(OH)/, dimers Fe2(0H)2 + and other 

polynuclear species with the general formula FeplliOr(OH)s [3p-(Zr+s)J+ [229]. Our results 

suggest that positively charged Fe species are hydrolyzed in the high pH cathodic region 

to form colloidal particles, which precipitate at the electrode. The hydroxide deposits are 

dehydrated and they convert to y-Fe20 3 nanoparticles at room temperature. 

Previous investigation [224] showed that tlhe co-precipitation ofNi and Fe hydroxide 

colloidal particles could be achieved in the high pH region at the cathode surface. The 

precipitation resulted in the deposit formation on the cathode. The formation of spinel 

NiFe20 4 ferrite could be obtained by thermal dehydration of the hydroxide precursors, as 

indicated in [224]. Our experiments have bt~en carried out to synthesize other spinel 

ferrites , such as MnFe20 4 by annealing the Mn!Fe hydroxide/oxide deposits 

electrochemically prepared from the solutions containing Mn2+ and Fe3+ ions and PEl 

polyelectrolyte (in Section 4.2). The present results reveal that MnFe20 4 ferrite is 

obtained after sintering at 1000 oc for 1 hour. As indicated by the results, the use of PEl 
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polychelates is beneficial for the co-deposition of oxides and paves the way for the 

electrosynthesis of other complex oxides. 

5.1.2 Combined methods based on EPD of weak polyelectrolytes and electrosynthesis 

of inorganic nanoparticles 

Previous studies showed that poly(allylamine hydrochloride) (PAH) is a weak 

polyelectrolyte and it is positively charged below pH 8 [88]. Polyallylamine was reported 

to form polymer-metal ion complexes in solutions of metal salts, such as Co2
+, Ni2

+ and 

Cu2 
+ [230]. Shchukin and co-workers [1 0] obtained magnetic ferrite and magnetite 

particles inside the hollow PSS/P AH polyelectrolyte capsules using chemical 

precipitation methods. It was suggested the interaction between PAH molecules and aqua 

complexes of metal cations results in the formation of metal oxides. 

Our studies show that cathodic electrosynthesis of y-Fe20 3 or Mn30 4 nanoparticles in 

situ in the PAH polyelectrolyte can be achieved. The results suggest that the deposition 

mechanism can be as follows. Electric field re;sulted in accumulation of the particles and 

polymer macromolecules at the cathodic surface. The isoelectric point y-Fe20 3 was found 

to be 6.7, and Mn(OH)2 at 7.0 [231]. Therefore the colloidal particles formed in the high 

pH region at the cathode surface can be negatively charged and interact electrostatically 

with the cationic P AH macromolecules. It was found that the charge of P AH decreases 

with increasing pH [88]. Therefore non-electrostatic interactions, which are influenced by 

solvent, surface properties of the particles antd other factors [9] , also contribute to the 

interaction and heterocoagulation of the polymer and inorganic nanoparticles. 
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Poly(ethylenimine) (PEl) has been intensively studied in the literature. It is known 

that PEl is a polybase when dissolved in aqueous solution. The pH of an aqueous solution 

containing 1 wt% PEl was found to be about 11 and at this pH the PEl molecule has no 

charge. PEl adsorbs protons in acidic solutions and becomes charged positively through 

protonation of the secondary amine groups in acidic solutions, according to reaction 

Eq.4.5 [223]. 

Previous studies showed that PEl-metal ion complexes can be obtained by loading the 

polymer with different metals ions, such as Cu2
+, Zn2

+, Ni2
+, Co2

+, Mn2
+ and Fe3

+ [83, 

232]. The extent of binding of the ions by PEl depends on the concentration of metal ions 

in solution, PEl concentration, pH, and other factors [233 , 234]. The pH value is a very 

important factor in polymer binding since protons and metal ions compete to be bound to 

the polymer. In the case of metal binding with polybases, like PEl [83] , amino groups 

become positively charged at low pH due to protonation and are thus unable to form 

chelates with cations. However, the binding capacity increases with increasing pH [83]. 

The evaporation of some PEl metal complex solutions can result in the formation of 

amorphous solids that are generally no longer soluble in water due to the cross-linking. A 

structure of a charged PEI-Cu2 
+ complex is shown in Fig.5.1. 
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Figure 5. lldealized structure of the PEI-Cu2 
+ complex[23 5] 

Our experiments clearly indicate the formation of PEI-Mn2
+, PEI-Ni2

+, and PEI-Fe3
+ 

complexes by the strong coloration of mixed PEl and metal chloride solutions in the 

experiments. Our results show that the MnCh dissolved in ethanol-water solution has no 

color. However after adding the PEl, the solution color changes to light brown. The 

addition of PEl to NiCh solutions results in intensely blue colored solutions. The 

solutions ofFeC13 turned from light brown to deep brown after the addition of PEl [224] , 

indicating formation of complexes. 

Previous investigations showed that nanocomposite films containing nanoparticles of 

Co, Fe, Ni, Ce, Zr, La oxides/hydroxides in a PEl matrix can be obtained [7, 224, 236­

242]. The deposition mechanism has been discussed in several papers [7, 236, 237, 240]. 

Our experimental work has focused on the spinel structured manganese oxide and 

ferrites. The use of PEl polychelates enable the formation of magnetic NiFe204, and 

MnFe20 4 ferrites. The EPD of PEI-Mn complex has been utilized for the deposition of 

nanocomposites containing Mn30 4 nanopartides. Our results prove that polymer-metal 

ion complexes can be used for the electrodeposition of magnetic materials. In this 

process, PEl acquires positive charges by forming complexes with metal ions such as 
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Ni2
+, Mn2

+, Fe3
+, and Co2

+. Then, the electric field provides the electrophoretic motion of 

the PEl-metal ion complexes towards the electrode surface, the ions participate in 

cathodic reactions to form nanoparticles of metal oxide/hydroxides. The high pH value at 

the cathode surface reduces electrostatic repulsion of PEl macromolecules and promotes 

their deposition on the cathodic substrates. Fr~;:e metal ions, which are not complexed by 

PEl also exist in solution and contribute to the electrosynthesis of inorganic phases [82]. 

Chitosan is a natural cationic polysaccharide and the N-deacetylated product of chitin 

where the degree of deacetylation is generally more than 60% [89]. Water soluble and 

positively charged chitosan can be prepared by the protonation of amine groups (Eq.4.9) 

in dilute organic acids such as acetic acid, formic acid, etc [92, 93, 243]. 

The properties of chitosan in solutions depend on the molecular weight, the degree of 

deacetylation, pH and ionic strength. At pH 6.5, the primary amine groups of chitosan 

become deprotonated. As a result of the 'ecreasing charge with the pH mcrease, 

dissolved chitosan usually flocculates at pH above 6.5 [92, 93]. 

Our experiments have extended the combined method to deposit novel composite 

materials based on chitosan. Previous works have focused on the synthesis of hydroxide, 

oxide and metal particles, such as Zr02, Al(OH)3 and Ag [228, 244-246]. The current 

work is focused on the fabrication of magnetic nanoparticles such as Mn30 4 and y-Fe20 3 

in the chitosan matrix. The present results ~;uggest that the deposition mechanism is 

associated with the process in which the protonated chitosan loses its charges in the high 

pH region at the cathode surface and forms an insoluble deposit as indicated in Eq.4.1 1. 
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The metal ions or complexes are hydrolyzed by electrogenerated base to form colloidal 

particles at the cathode. Therefore, the cathodic precipitation of inorganic nanoparticles 

and EPD of chitosan can be combined together to form composite films, which is another 

interesting discovery arising from this work. 

The chelating ability of chitosan and its derivatives for metal ions has been reviewed 

[243]. It is known that Ag+, Fe3+, Cu2+, Hg2+, Ni2+, Zn2+ and some other ions have great 

binding affinity towards chitosan [247-250]. Therefore the chitosan-metal ion complex 

can form and behaves as a polyelectrolyte in the solutions. Our experiments also suggest 

the chitosan-Fe3+ and chitosan-Mn2+ complexes are formed in the solutions. The extent of 

binding of the ions by polymer depends on the concentration of metal ions in solution, 

chitosan concentration and pH values. The pH value is a very important factor in polymer 

binding because of the binding competition between protons and metal ions. The binding 

capacity to metal ions increases with increasing pH. The formation of chitosan-metal ion 

complexes can be enhanced in the high pH region at the cathode surface [245]. 

Part of the present work was dedicated to synthesize the nanocomposite utilizing 

poly(4-vinyl-pyridine) (P4VPy). P4VPy is a weak cationic polyelectrolyte and it was 

found [94] to form polychelates with Cu2+, Zn2+. Partially protonated P4VPy-H+ can be 

obtained by adding an appropriate amount HCl into polymeric solution [95]. In the 

present work we investigated the possibility to use combined method to deposit 

nanocomposite materials based on P4VPy. Our TG data show that the co-deposition of 

iron oxide and P4 VPy can be achieved. The deposition mechanism is suggested to be 
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based on the similar process as discussed above for the case of PAH and chitosan. The 

protonated P4VPy migrates to the cathode in the electrical field , loses its charges in the 

high pH region near the cathode, and forms an insoluble deposit. In the meantime, the 

metal ions are driven to the cathode and are hydrolyzed to form colloidal particles. 

Therefore, the cathodic precipitation of inorganic nanoparticles and EPD of P4VPy can 

be combined to form composite ftlms. 

5.1.3 Combined methods based on EPD of strong polyelectrolytes and 

electrosynthesis of inorganic nanoparticles 

PDDA is a strong polyelectrolyte because of the quaternary amino group [9]. The 

degree of dissociation of the ionic groups of PDDA is nearly pH independent in a wide 

pH range below pH 13. 

Previous studies have reported results of the aqueous co-deposition of PDDA and 

inorganic materials with relatively low isoelectric points, such as oxides/hydroxides of Zr, 

Ce [77, 211 , 214, 251] . Further investigations showed the possibility of co-deposition of 

other inorganic materials with larger isoelectr ic point, such as hydroxides of Ni and Co 

[236, 237]. The fabrication of superparamagnetic films based on Fe30 4 [8] was 

particularly interesting because of its magnetic properties. 

The present work is allowed to develop better understanding of the co-deposition of 

nanocomposite films based on the PDDA and inorganic oxides. Our results show that 

composite films containing y-Fe20 3 nanoparticles in the PDDA matrix can be obtained by 

electrodeposition. 
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The charge compensation mechanism ha~; been developed for the fabrication of 

organic-inorganic nanocomposites containing PDDA [77]. It is known that PDDA 

macromolecules maintain a high positive charge in acidic bulk solutions as well as in 

basic conditions at the cathode surface. As a result of the strong electrostatic repulsion of 

the PDDA macromolecules, no deposit formation can be achieved from the aqueous 

PDDA solutions. However, co-deposition of PDDA and the colloidal particles of metal 

oxides or hydroxides was observed by other researchers [7, 8, 210-214, 236-238, 251­

254]. For the inorganic materials with low isoelectric points, it was suggested that the 

deposit formation is driven by Coulombic attraction between two charged species: 

cationic PDDA and the negatively charged colloidal particles formed at the electrode 

surface [9]. For other inorganic materials with larger isoelectric point, the 

heterocoagulation of PDDA and inorganic nanoparticles is driven not only by charge 

attraction, but also by other interactions, such as hydrogen bonding and ion-dipole 

interactions. Present results reveal that such interactions are significant contributing 

factors in the deposit formation and in determining the stability and microstructure of the 

deposit. 
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5.2 Theoretical modeling of magnetic properties of y-Fe20 3 nanoparticles 

5.2.1 Particle separation ratio SID 

To understand the level of interparticle interactions of the nanoparticle assembly in 

our composites, one defines an important parameter, the ratio of the particle separation S 

and particle diameter D. It is determined by the volume fraction of the inorganic phase in 

the composite as plotted in the Fig.5.2. 
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Figure 5.2 The relationship between the particle separation ratio S/D and volume fraction of the particles, 
assuming a cubic stacking of the particles. 

Our studies showed that the weight percentage of inorganic phase in the deposit can 

be controlled by varying the polyelectrolyte concentration in the electrodeposition bath 

solution. Therefore, the particle separation ratio SID can be tuned by the initial 

polyelectrolyte concentration. The SID of y-Fe20 3 - PAH and y-Fe20 3 - chitosan 
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composites, comparing with the initial electrolyte concentration in the bath solution, mass 

and volume fraction of y-Fe20 3 in the deposits are listed in Table 5.1. 

Table 5.1 The particle separation ratios S/D ofy-Fe20 3 - PAH and y-F~03 - chitosan 

PAH content (g/1) Mass fraction Volume fraction* SID 

0 0.891 .625 0.94 

0.2 0.620 .250 1.28 

0.3 0.525 0.184 1.42 

0.5 0.389 0. 115 1.66 


Chitosan (g/1) 


0.2 0.588 0.226 1.32 

* consider polymer' s bulk density - 1.0 g/cm 

The particle separation ratio SID indicates the interparticle interaction strength of 

superparamagnetic nanoparticles. Dormann [52, 55, 255] studied y-Fe20 3 4.7 nm 

nanoparticle assembly dispersed in the polymer media with interparticle interactions of 

varying strength. The samples IF, IN, and F'loc were dispersed in the polymer media, 

having a center-to-center separation distances S of 21 nm, 7.3 nm and 6.8 nm 

respectively. A powdered sample with no polymer media was also studied. According to 

Neel-Brown's model, variation of relaxation time as a function of the reciprocal of 

temperature i.e. log10(tm) versus 1/T 8 in AC susceptibility, should show quasi-straight 

lines with a slope of En and an intercept of log10 r 0 • Fig.5.3 shows that sample IF (S/D = 
kB 

4.5) with very weak interparticle interaction fit very well with Neel-Brown ' s model , 

giving an appropriate 'to value - 10-10
• For the samples IN (SID = 1.6) and Floc (S/D = 1.4) 

with weak and intermediate interaction, the Nl~el-Brown' s model was still valid by taking 

179 




Ph.D. thesis - JCao McMaster - Materials Science and Engineering (2008) 

account of additional anisotropy energy term, g·iving a shift of 'to value, which depends on 

the number of nearest-neighbour particles (see ehapter 1). Finally, for the powder sample, 

presumably SID = 1 with a very strong interaction, the variation ofTmax with frequency 

extremely slowed down, indicating a collective freezing of particle moments. 

~-· ~ ............_,_"'-1 

0.00 0.01 

loglO(~n) 

0 

powd•1 

-5 

4~:, 

lfl'6 (1/K) 

0.02 0.03 0.04 0.05 

Figure 5.3 Frequency dependence of Tmax in AC susceptibility for y-Fe20 3 with interparticle interactions 
of varying strength. Dispersions in a polymt~r (samples IF, IN and Floc) and powder particles 
(255]. 

It was concluded that interparticle interactions can be treated as very weak interaction 

when the particle separation ratio SID > 4, and as weak and intermediate interaction when 

1 <S/D<4. The strong interaction occur when SID - 1. All of the y-Fe20 3/polymer 

nanocomposites in our experiments fell into the category of the weak and intermediate 

interactions and show slow variation ofTmax with the frequency in the range of 10 Hz ­

10 kHz, for instance, y-Fe20 3 nanoparticles in the polyelectrolytes P AH, PDDA or 

chitosan. When the samples are prepared without any polyelectrolyte, or being heat 

treated to remove the polyelectrolyte, their interparticle interaction fell into the category 

of the strong interaction. 
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5.2.2 Estimating the average particle sizes by Langevin fitting 

Langevin function fitting can been used to estimate the average size of 

superparamagnetic particles. The criteria have been discussed in Chapter 1. Assuming the 

particles in the assembly are all of the same ~ ;ize, the magnetization vs. magnetic field 

curve can be described by Langevin function when the nanoparticle assembly is in the 

superparamagnetic state: 

(5.1) 

By fitting the magnetization curve with the Langevin function, Ms, f..L, and the 

average particle size can be calculated. 

Langevin function fitting, however, is an oversimplified model and care has to be 

taken to apply the fitting appropriately and to interpret the results properly. For instance, 

in the y-Fe203/PAH nanocomposite obtained from the solution containing 0.5g/l PAH 

(FePAH-0.5g-RT), the magnetic moment per particle J.l rose as the temperature increased 

from 20 to 100 K and then fell with increasing temperature from 150 K to 300 K, as 

shown in Fig.5.4. A slightly decreasing J.l with increasing temperature should be expected 

(J..L=Ms*V, Ms decreases with increasing temperature). It was observed that, at the low 

temperature range, slightly above the blocking temperature T 8 , the magnetization curve 

of the system could not be represented by the Langevin function because a fraction of the 

particles was still in the blocked state. On the other hand, in the high temperature range 

where )J.H/kT << 1, the magnetization curve was far from being saturated, almost linear in 

the entire magnetic field range up to 9 T, and the Langevin function fitting gave only poor 
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fitting parameters. It is concluded that the Langevin function fitting obtained better 

accuracy when the magnetization curve is taken at the median range temperatures, e.g. 5­

10 times ofthe T8 . For instance, the median temperature range was 70 K - 140 K for the 

FePAH-0.5g-RT in Fig.5.4 because it had aT8 around 14 K. 
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Figure 5.4 Variation of the magnetic moment per particle 11 as a function of temperature for the FePAH-
0.5g-RT sample. 11 was obtained by Langevin fitting to the magnetization data. 

Table 5.2 summarizes the average particle sizes calculated from Langevin function for 

the samples deposited from 5 mM FeCh containing 0.5 g/1 P AH and those heat-treated at 

200 and 300 °C. In Table 5.2, the values of T8 were obtained from T max in the AC 

susceptibility measurements . The KV/kT ratio in the Table 5.2 indicated whether the 

system was in the superparamagnetic state, which normally requires E8/k8 T << ln('tmh o) 

- 10. The anisotropy constant K of y-Fe20 3 was taken as 4·105 by considering 

magnetostatic, surface, and magnetocrysta.lline anisotropy as in. the Dormann' s 
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experiment [55]. It was shown that the saturation magnetization Ms of y-Fe20 3 

nanoparticles was less than that of the bulk y-Fe20 3 value, Ms = 360 emu/cm3
. This 

reduction of Ms with decreasing the nanopart'cle sizes were studied by others [256]. It 

was believed to be caused by the surface spin canting and related surface effects. 

Table 5.2 The average particle sizes ofy-F~OiPAH nc.nocomposites by fi tt ing magnetization curves with 
Langevin function 

y-Fe203/PAH Fitting parameters Particle size Ts (K) KV/kT 

Magnetic moment Ms (I) D(nm) 

per particle J-L (J-LB) (emu/cm3
) 

No polymer, RT(2) 5329@298K(3) 282 6.9 260 1.7 

0.2 g/1, RT 45@ 150K 77 2.2 7, 38 0.10 

0.3 g/1, RT 36@150K 83 2.0 7, 36 0.08 

0.5 g/1, RT 46@100K 94 2.0 14 0.13 

0.5 g/1, 2oooc 85@200K 100 2.5 25 0.11 

0.5 g/1, 300°C 3052@298K 142 7.2 195 1.9 

(1) Ms is the volume saturation magnetization of nanoparticles (different from those of the composite or 
bulk magnetic materials) . 

(2)RT means the fresh deposit obtained at room temperature, no heat treatment. 
(3)@298K means the magnetization curve was measured at 298 K. 

Table 5.3 summarized the average particle sizes calculated from Langevin function 

for the samples deposited from 5 mM FeC13 containing 0.2 g/1 chitosan and that heat-

treated at 300 °C. 
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Table 5.3 The average particle sizes of y-Fe20 i chitosan nanocomposites by fitting magnetization curves 
with Langevin function 

y-Fe 0/chitosan Fitting parameters Particle size Ts(K) KV/kT 

D(nm)
Magnetic moment Ms 

per particle 1-l (1-lB) (emu/cm3
) 

(a) 0.2 g/1, RT 39@ 100K 71 2.1 20 0.15 

(b) 0.2 g/1, 300°C 204@298K 60 3.9 150 0.30 

Fig.5.5 and Fig.5.6 show Langevin funct lion fitting to the magnetization curves of 

FePAH-0.5g-RT and FeChi-0.2g-RT. The results were well represented by the Langevin 

function, assuming a simplified superparamagnetic model of identical particle sizes with 

no interaction. In practice, the FePAH-0.5g-RT and FeChi-0.2g-RT samples exhibit 

particle size distributions and interparticle interaction could not be avoided, even it if it 

had a small SID ratio. These two effects cound account for the slight deviation between 

the magnetization data and the Langevin behaviour. They were, however, very narrow 

distributions (the lognormal distribution of D/Dv with standard deviation cr < 0.1 obtained 

by Chantrell's method in Table 5.4 and Tablle 5.5) in the FePAH-0.5g-RT and FeChi-

0.2g-RT samples. 
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6.-------------------------------~ 

-o- FePAH-O.Sg-RT (HIO K) 
--Langevin fitting 
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Figure 5.5 The Langevin function fitting to the magnetization curve ofFePAH-0.5g-RT measured at 100 K. 
The fitting parameters were listed in Table 5.2 

6.-----------------------------~ 

-o- FeChi-0.2g-RT (100 K) 
-- Langevin fitting 
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Applied Field, kOe 

Figure 5.6 The Langevin function fitting to the magne1ization curve ofFeChi-0.2g-RT measured at 100 K. 
The fitting parameters were listed in Tablf: 5.3 

Langevin function fitting is invalid when there is either a distribution of particle sizes 

or a strong interparticle interaction. Instead, if the distribution of the nanoparticle 
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assembly can be described as the lognormal distribution, Chantrell [ 42] interpreted the 

magnetization versus the magnetic field curves by the sum of individual particle weighted 

by the distribution, and derived the equations to get mean and variance of the sample 

distribution. Later on, it was showed if the sa pie had a normal distribution, it could be 

well approximated by the lognormal one when the standard deviation was small, e.g. cr < 

0.35 [50]. In the case of strong interparticle interaction, the superparamagnetic models 

fail, and the nanoparticle assembly behaves as a spin glass, a collective state observed in 

some systems [255] . 

5.2.3 Estimating the particle size distributions of y-Fe20 3 nanoparticles 

A critical parameter of an assembly of magnetic nanoparticles is particle size 

distribution. In the present work, two common techniques were used to analyze particle 

size distribution in the obtained nanocompositt:; films: electron microscopy (HRTEM) and 

magnetization characteristics utilizing Chantrell's method, Langevin function fitting or 

Neei-Brown model. 

The advantage of the HRTEM method is that it is straightforward. Not only particle 

sizes but also morphology can be observed. However, since the particle size is only a few 

nanometers, the magnification has to be set high in order to obtain good-quality images to 

accurately identify the particle edges. Thus, the number of particles in one image is 

reduced. Also, the manual counting can be very time consuming because the images are 

not suitable for the automatic counting with available computer software. Therefore in the 

present work only about 100 particles were c01rnted. 
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Magnetization curves can also be used to calculate the particle size distribution. The 

principle of Chantrell ' s method is explained in the literature review (Chap.1 ). Assuming a 

lognormal distribution, the magnetic diameter of a particle (Dvm) and a standard deviation 

(cr) can be calculated from Eq.5.2. 

I 

D = (18k8 T ~-1-]3 
(5.2 a) 


vm nM~ 3EM~ H 0 


(5 .2 b) 

However, the disadvantage of Chantrell ' s method is that the assumption of the 

particle size distribution might not describe the real physical structure of the system, so 

that independent verification by other methods such as TEM observations are required to 

provide direct information about the size and distribution of the particles. 

Table 5.4 summarized the parameters when fitting the magnetization curves of y­

Fe20 3 /PAH with the Chantrell ' s method by assuming a lognormal distribution of the 

particle diameter D. The standard deviation a was dimensionless because it was using a 

normalized diameter D/Dv, where Dv was the mean value of the diameter. 

Table 5.4 Chantrell ' s method to obtain the lognormal distribution parameters of y-Fe20 3 /PAH samples 

y-Fe20 3 IPAH Fitting parameters Dv (nm) Standard 

XI Ms 1/Ho deviation a 

(emu/gOe) (emu/g) (Oe-1) 

(a) 0.5 g/1, RT 8.35E-5 7.80 3.02E-5 2.0 0.08 

(b) 0.5 g/1, 300°C 0.0299 34.0 1.05E-4 6.3 0.60 

(c) No polymer, RT* 0.0517 61.2 2.59E-4 6 .0 0.50 
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Table 5.5 summarizes the parameters when fitting the magnetization curves of y­

Fe203 /chitosan with Chantrell 's method by assuming a lognormal distribution of particle 

SIZeS. 


Table 5.5 Chantrell's method to obtain the lognormal distribution parameters ofy-F~03 /chitosan samples 


y-Fe203/chitosan Fitting parameters Dv (nm) Standard 

XI Ms 1/Ho deviation cr 

(emu/gOe) (emu/g) (Oe-1) 

(a) 0.2 g/1, RT 1.21E-4 8.42 2.86E-5 2.4 0.21 

(b) 0.2 g/1, 300°C 7.59E-4 8.70 3.27E-5 4.6 0.48 

Fig.5 .7 compares the fitting results to the magnetization curves of FeP AH-0.5g-300C 

by applying different particle size distributions. Fig.5 .7(a) shows the Langevin function 

fitting result applied to the system with a single particle size. The very poor fitting 

indicates that the material can not be treated as a system containing particles of the same 

size, but as a system containing a distributtion of particle sizes. By considering a 

lognormal distribution of the particles sizes with the parameters showed in Table 5.4, 

Chantrell 's method gives a good fitting of the magnetization data at the high field region 

as shown in Fig.5 .7(b). Moreover, if using a double-lognormal distribution, a better fitting 

can be obtained as shown in Fig.5.7(c). Two lognormal distributions assumed Dv=5 .1 nm 

and 10.2 nm respectively, and cr = 0.6. The numbers of particles in these two distributions 

had a ratio 2: I. 
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Figure 5.7 Magnetization curve fitting for FePAH-0.5g-300C composite with different particle size 
distribution. (a) identical sizes of particles without distribution, (b) lognormal distribution, (c) 
double lognormal distribution 
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Figure 5.8 Magnetization curve fitting for FeChitosan-Q.2g-300C with different particle size distributions 
(a) identical sizes of particles without distribution, (b) lognormal distribution, (c) double 
lognormal distribution 

Fig.5.8 shows the fitting results to the magnetization curves of FeChi-0.2g-300C by 

applying different particle size distributions. The composite was in a form of a powder 

sample with the polymer burnt out. The best fitting was given by considering a double­

lognormal distribution, having the Dv of 2 nm and 4.7 run respectively, cr = 0.1 and 0.4 

respectively. The number of particles in these two distributions was assumed in a ratio of 

5:1. 

It was found that the double-lognormal distribution can describe very well the 

magnetization curves of the powder samples ~;howing the strong interparticle interaction, 

such as those of the FePAH-0.5g-300C and FeChi-0.2g-300C samples. The results are 

attributed to the agglomeration and strong interaction in the powder samples. 
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HRTEM images were used to count a sampling of the particle sizes of the y-Fe20 3 

nanoparticles in the selected deposits. For instance, the histogram ofy-Fe20 3 nanoparticle 

size distribution in the 5 mM FeCi) solutions containing 0.2 g/1 chitosan (FeChi-0.2g-RT) 

was plotted in Fig.5.9, overlaid with a logn01mal distribution fitting curve, having the 

mean diameter D = 3.2 nm and the standard deviation cr = 0.53 nm. On the other hand, the 

Langevin function fitting showed an average particle size of 2.1 nm, shown as a straight 

line in Fig.5.9. From Chantrell's method of fitting the magnetization curves (Fig.4.55 and 

Table 5.5), the mean diameter Dv and standard deviation cr of the lognormal distribution 

in FeChi-0.2g-RT were 2.4 nm and 0.21, respectively. The lognormal distribution of 

Chantrell ' s method was plotted as the dashed line in Fig.5.9. 

The difference between TEM observation and Chantrell ' s method may be caused by 

the nature of the methods. As it was explained by Chantrell [42], the physical particle size 

Dp, which is measured from HRTEM images, should be larger than the magnetic particle 

size Dm, which is calculated from the magne:tization data, because of the magnetically 

disordered surface layer caused by surface spin canting and other surface effects. Also, 

miscounts occurred when the individual particles distributed in the volume of the film 

might be counted as one particle because th\~ ir images were superimposed one on the 

other in the HRTEM studies, which gave larger values of the average particle size and 

standard deviation in the distribution. Nonetheless the two methods were still in a good 

agreement. 
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Figure 5.9 TEM observation of the histogram of y-Fe20 3 nanoparticle size distribution in the FeChi-0.2g­
RT. The solid and dash lines were the lognormal distributions observed from the TEM and 
calculated from Chantrell ' s method, re!:pectively. The straight line showed Langevin 
function fitting result. 

5.2.4 Modeling the AC susceptibility of y-Fe1.0 3 nanoparticles 

AC susceptibility studies the dynamic properties of magnetic nanoparticles. The shape 

of the temperature dependence of the susceptibility yields the information about particle 

size distribution. 

According to Gittleman [62] the complex susceptibility of an assembly of isolated 

single-domain particles is given by (Chapter 1 ): 

Xo + i tvrx,X = -'-'----'-'- (5.3 a)
1+ i tiJ"T 

The real part is given by x' =x, + Xo -x1 • (5.3 b) 

l+(urt)

2
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the imaginary part is given by x" = 'UJ't(_k-xo2] (5.3 c) 
l+(m't) 

M 2Vx 
where X =-5

- (5.3 d) 
0 3kT 

'XJJ is the superparamagnetic susceptibility corresponding to thermal equilibrium, and x 

is the volume fraction occupied by the particles. And 

(5 .3 e) 

x1 IS the ferrimagnetic susceptibility of the system in the "blocked" state, and 

a = ~ (sin 2 f)) is the average of random oriented easy direction, eis the angle between the 

applied field and the easy direction of magnetization. 

We also know that relaxation time r = T0 exp( ~; J. (5.4) 

Eqs.5.3-5.4 define the relaxation process in a superparamagnetic particle. A 

simulation run by the MATLAB software used the above equations and applied different 

particle size distributions to show how the particle size distribution determines the shape 

of the temperature dependence of the susceptibility. As shown in the Fig.5.1 0. In the 

simulation, some parameters were taken as the following, the relaxation time 't0= 10-10 
, the 

anisotropy constant K = 5*105
, the measurement were taken at the angular frequency ro = 

2n* 1o-5
. Assuming the average particle diameter was 4 nm. Therefore the identical 

particle diameter was taken as 4 nm. The unif01m distribution function is defined as 

f(D)=D / 2 , D:s;2D 
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=0, D>2D 

In the simulation, the average diameter D of the uniform distribution was chosen as 4 

nm. 

The lognormal distribution function is defined as 

2 
1 (-(lny) ) DJ(y)= J2;exp 2 , wherey==. 

y~ 2~ 2~ D 

In the simulation, the average diameter D and cr of the lognormal distribution were 

taken as 4 nm and 0.2, respectively. 
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Figure 	5.1 0 A modeling of the susceptibility versus temperature as a function of the particle size 
distribution, (a) real part and (b) imagif!ary part of the susceptibility. 

From the simulation in Fig.5.10 and Eqs.5.3-5.4, it is concluded that the value ofthe 

Tmax is determined by the anisotropy energy E8 , which is product of anisotropy constant 

K and the average volume of the particles V. The shape ofthe curve is determined by the 

particle size distribution. Therefore, by fitting the temperature dependence of the AC 

susceptibility, one can extract the particle size distribution in the system. On the other 

hand, if the particle size distribution is known, the fitting results can give the value of 

anisotropy constant K. 

For instance, in the FePAH-0.5g-RT sample, the magnetization data studied by 

Chantrell's method revealed that there was a lognormal distribution of the particle size 

with the average diameter Dv = 2.0 nm, and cr = 0.08. 
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Figure 5.11 The best fitting to the temperature depencence of (a) real part and (b) imaginary part of AC 
susceptibility of the FePAH-0.5g-RT with a lognormal distribution of particle sizes. 
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Fig.5 . ll shows the best fitting to the temperature dependence of AC susceptibility of 

the FePAH-0.5g-RT sample with a lognormal distribution of the particle sizes. The 

average particle diameter was fixed at 2.0 run, and then the anisotropy constant was 

chosen as 27* 105 erg/cm3 to best fit the T max· Finally the standard deviation cr was chosen 

as 0.20 to best fit the shape of the curve. The magnitude of the susceptibility was 

controlled by the Ms, volume fraction of the particle x, and were taken as 51 emu/g and 

0.2, respectively. The results reveal good fitting of the real part of the susceptibility, 

however some deviation for the imaginary part is observed. 

The anisotropy constant obtained from the fitting K = 27* 105 erg/cm3 was much 

larger than one can expect realistically in such system. Other workers obtained K ~ 4·1 05 

erg/cm3 after taking the surface anisotropy and shape anisotropy into account [55]. Our 

sample showed weak interparticle interactions, which could also contribute to the 

anisotropy energy. It is difficult to quantify how much these interactions contribute to the 

anisotropy energy and further investigations o - the origin of the high anisotropy constant 

are required, but are beyond the scope of the present work. This high anisotropy constant 

in our sample could explain the very slow frequency dependence of the T 8 . 

The imaginary part ofthe susceptibility in FePAH-0.5g-RT showed a hump around 40 

K in addition to the T max peak around 14 K. Assuming a double-lognormal distribution of 

the particle sizes, a better fitting to the imaginary part is expected. This double-lognormal 

distribution was proven to be very common distribution of the particle sizes in the 

samples obtained by electrodeposition in our experiments. For instance, the reduction of 

the polymer PAH amount in the electrochemical bath solution from 0.5 g/1 to 0.3 g/1, 
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changes clearly the characteristics of the susceptibility. It introduces double-peak in the 

imaginary part of the susceptibility, as sho in Fig.5.12, having the T maxi and T max2 

around 7 K and 36 K, respectively. The reason for the double-lognormal distribution may 

lie in the nature of the electrodeposition, there was chance to have some level of 

agglomeration. As the polymer amount reduces, there is more agglomeration formed. 
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Figure 5.12 The temperature dependence of AC susceptibility of the FePAH-0.3g-RT samples showi ng a 
double-peak on the imaginary part (b). 
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As shown in Fig.4.57, the temperature dependence of AC susceptibility of the FeChi-

0.2g-RT again showed the double-lognormal distribution of the particle sizes. HRTEM 

result however didn 't show such double-lognormal distribution. The reason is that during 

the counting of particle sizes, the area which contains the agglomeration of y-Fe20 3 

particles was excluded. 

Based on the simulation of the temperature: dependence of the susceptibility of some 

samples obtained in our experiments, it is concluded that there is a broad distribution of 

the particle sizes, and in some case, a double-lognormal distribution. These distributions 

are required to describe the observed double-peak phenomenon in the imaginary part of 

the susceptibility. 

5.3 Magnetic properties of Mn304 nanoparticles 

5.3.1 Curie-Weiss behaviour ofMn30 4 

Previous studies indicated that Mn30 4 has a tetragonal spinel structure below 1443 K, 

and a cubic spinel above 1443 K [257]. The ionic structure is Mn2+[Mn2
3+]04, so that 

Mn2+ ions occupy the tetrahedral interstices (A sites), and Mn3+ are in the octahedral ones 

(B sites). Above the Nee! temperature TN = 42 K, Mn30 4 is magnetically disordered. 

Below 42 K, the ferrimagnetic structure of Mn,30 4 changes as a function of temperature in 

the regions 42-39 K, 39-33 K, and below 33 K. A detailed description of the magnetic 

structure in the temperature below 42 K is available in the literature [222, 257, 258] . 
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Several papers discussed the temperature dependence of reciprocal susceptibility of 

Mn30 4 in the paramagnetic region T > TN· It was shown that it follows a hyperbolic 

curve, which is described by the relation (Eq.1. 12 a) [258]: 

1 T 1 cr 
-=-+---- (1.12a) 
X C Xo T-8 

Here, C is the Curie constant, and can be calculated by the following equations [259]: 

(5.1) 

(5.2) 

N is the Avogadro number, k is the Boltzmann constant, f..ieff(A, B) is the effective 

magnetic moment of the A and B sub lattice, 

2 2
11 eff(A, B) = i (A , B)S(S+ 1) 1-LB (5 .3) 

g(A, B) is the g factor of the A orB sublattice, and 1-LB is the Bohr magneton. Based on 

the electron-spin-resonance (ESR) experiments, Srinivasan [258] used gA = 2.0 for Mn2 
+ 

(SA=5/2) and gB = 2.017 for Mn3 
+ (SB=2), so that the magnetic moments of manganese 

ions and the Curie constant are JL:U.A =35Jl~ , Jl~ = 24.41Jl~ and CA=4.37, CB=3.03. As a 

result, the Curie constant C = 1 0.43. In this calculation, it is convenient to use the cgs 

units because the following relationship: 

Jleff =2.827~x~gsr =2.827/C (cgs) [260] (5.4) 

Where x,~gs is measured in emu/mol. 

Srinivasan [258] has fitted T-1/x to Eq.L 12 a with Curie constant C=10.43, and 

obtained the following parameters: 8=1 0.2 K, cr=1700, llxa=57.5 . Therefore, all the 

Weiss coefficients can be calculated by Eq.1.12 b-d, such that NAA= 26.0, NBB= 78.9, 
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NAB =54.3. Thus, the ferrimagnetic Nee! temperature TFN = 37.6 K was obtained from 

Eq.1.14, comparing with the experimental value of 41.9 K [261]. The small discrepancy 

was most likely due to the expected failure of the molecular field model close to TN· The 

paramagnetic Curie point 8 = 600 K [258] was in the experimental range from 540 K 

[222] to 640 K [220, 221]. 

In the present work, the temperature dependence of reciprocal susceptibility ofMn30 4 

in the paramagnetic region T > 150 K until 300 K has been linearly fitted to _!_ = !_ +-
1 

X C Xo 

(Eq.1.13) to obtain the Curie coefficient C and paramagnetic Curie point 8. As discussed 

in Chapter 4, the following Mn30 4 nanocomposite samples have been studied (Table 5.6). 

Table 5.6 The fitting parameters of Eq.l.l3 to the temperature dependence of reciprocal susceptibility of 
Mn30 4 in the paramagnetic region 150 K -300 K 

Sample llxo C ( emuK/mol) 8 lleffc/formula 

15.62 589 11.2 

6.14 208 7.0 

5.3.2 Particle Separation Ratio SID ofMn30 Nanoparticles 

The particle separation ratios SID of the Mn304- PEl, the Mn30 4 - PAH, and the 

Mn30 4 - chitosan composites, comparing with the initial electrolyte concentration in the 

bath solution, mass and volume fraction of the inorganic phases (Mn30 4) in the deposits, 

were calculated in the Table 5.7. 

All of the Mn304/polymer nanocomposites mn our experiments fell into the category of 

the weak and intermediate interaction because the SID ratios were in the range of 1.2-1.7. 
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Table 5.7 The particle separation ratios S/D of the Mn30 4 - PEl, the Mn30 4 - PAH, and the Mn30 4 ­

chitosan composites 

PEl content (g/1) Mass fraction Volume fraction(!) SID 

0.5 0.616 0.254 1.27 

1.0 0.504 0.178 1.43 

2.0 0.387 0.118 1.64 

PAH content (gil) 

0.5 0.604 0.245 1.29 

1.0 0.479 0.164 1.47 

Chitosan content (gil) 

0.2 0.666 0.298 1.21 

(1) consider polymer's bulk density ~ 1 . 0 g/cm3 

5.3.3 Particle size distributions of Mn30 4 nallloparticles 

Mn30 4 has ferrimagnetic Nee! tempera ure at 42 K. In order to observe the 

superparamagnetic behaviour in Mn30 4 nanoparticle, from the Neel-Brown model 

t = t 0 exp[KV I k8 T] (Eq.1.25), the critical superparamagnetic volume V c at T 8 = 42 K 

equals to 1.6 x 10'19 cm3
, so that the particle diameter <pc = 6.7 nm. This estimation was 

given by assuming the anisotropy constant of bulk Mn30 4, K - 1 x 106 erglcm3
, r = 100 s, 

which was the measurement time (tis frequem~y dependent in AC measurement), ro = 10· 

10 s, the characteristic relaxation time, and k8 = 1.38 x 10'16 erg/K, the Boltzmann 

constant. 

In our work, Fig.4.32 showed AC magnetic susceptibility of Mn30 4 - PEl 

nanocomposites. A superparamagnetic relaxation occurred below TN ( 42 K) for the 

deposits prepared from the 5 mM MnCh solution containing (a) 1.0 gi l PEl and (b) 0.5 gil 

PEl due to the extremely small particle sizes. This was the first experimental evidence of 
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the superparamagnetic behaviour being observed below TN = 42 K. The average particle 

size can be estimated using the Neel-Brown model. From the experimental values, T s are 

7 K and 14 K for the deposits prepared from the 5 mM MnC}z solution containing 1.0 g/1 

PEl and 0.5 g/1 PEl, respectively at the measurement frequency of 10kHz (-r = 10-5 s), so 

that the estimated particle size <pis found to be 2.8 nm and 3.5 nm, respectively. 

HRTEM (e.g. Fig.4.29) images of the Mn30 4 nanocomposite deposits obtained from 

the 5 mM MnC}z solutions containing 0.5 g/1 PEl (sample b) were used for particle sizes 

counting. The histogram of Mn30 4 nanopartide size distribution in the MnPEI-0.5-RT 

was plotted in Fig.5.13, overlaid with a lognormal distribution fitting curve, having the 

mean diameter D = 3.0 nm and standard deviation cr = 0.08. The estimated particle size 

(3.5 nm) was in a good range with the experimt;!ntal results. 

By counting the HRTEM images (e.g. Fig.4.16) of the Mn30 4 nanocomposite deposits 

obtained from the 5 mM MnC}z solutions containing 0.5 g/1 PAH, Fig.5.14 shows that the 

histogram of MnPAH-0.5g-RT is fitted with a lognormal distribution, having the mean 

diameter D = 4.5 nm and standard deviation cr = 0.22. Fig.5.15 shows the histogram ofthe 

MnChi-0.2g-RT overlaid with a lognormal distribution of the mean diameter D = 4.4 nm, 

and standard deviation cr = 0.11 nm. A summary of various Mn30 4 nanocomposites is 

shown in Table 5.8. 

In Fig.4.66, large change of magnetization near the zero applied field was suggested 

to be related to smaller particles in the superparamagnetic state, and the hysteresis loop 

was contributed by larger particles. It is howe:ver not shown in HRTEM results here two 

different sizes in the distribution. The reasont is that only separated individual particles 
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were chosen, however, there existed a large area of agglomeration of Mn30 4 

nanoparticles which was not chosen and counted. So the HRTEM results only determines 

the distribution of the separated individual particles 

Table 5.8 The particle size distribution observed by HRTEM for Mn30 4-polymer composites, comparing 
with the estimation from Neel-Brown model 

Samples HRTEM observation Neei-Brown model 

AverageD (nm) Standard deviation cr D (nm) 

MnPEI-0.5g-RT 3.0 0.08 3.5 

MnPAH-0.5g-RT 4.5 0.22 

MnChi-0.2g-RT 4.4 0.11 

5 
~experimental data 

- lognormal fitting 
4 

"' 3..... 
= = 0 

2u 

1 

0 
0 1 2 3 4 5 

Particle Diameter, nm 

Figure 5.13 Histogram of Mn30 4 nanoparticle size distribution of the fresh deposit obtained from the 
solution containing 5 mM MnCI2 and 0.5 g/1 PEL The solid line is the lognormal distribution 
fitting curve. 
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Figure 5.14 Histogram of Mn30 4 nanoparticle size di~;tribution of the fresh deposit obtained from the 
solution containing 5 mM MnCh and 0.5 g/1 PAH. The solid line is the lognormal distribution 
fitting curve. 
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Figure 5.15 Histogram of Mn30 4 nanoparticle size distribution of the fresh deposit obtained from the 
solution containing 5 mM MnCI2 and 0.2 g/1 chitosan. The solid line is the lognormal 
distribution fitting curve. 

5.3.4 Size dependence of the Neel temperature of Mn30 4 nanoparticles 

Fig.4.31 shows the temperature dependence of field cooling (FC) and zero field 

cooling (ZFC) magnetization for the selected four Mn30 4/PEI samples, which were the 
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deposits prepared from the 5 mM MnCh solut1ons containing 1.0 g/1 PEl and 0.5g/l PEl 

and those annealed at 200 and 300 oc. A decre:ase of the Nee) temperature was observed 

with reducing the average Mn30 4 particle size. The Nee! temperature TN values obtained 

from T max of AC susceptibility measured at 10 kHz (Fig.4.32 a, b, c, d) gave 31 K, 36 K, 

39 K, and 43 K from samples a to d, respectivdy. The estimated average particle sizes of 

Mn30 4 nanoparticles in the fresh deposits, samples a and b, were 3.5 nm and 2.8 nm, 

respectively. After annealing at 200 and 300 °C, the narrowed and sharpened XRD 

Mn30 4 characteristic peaks indicated the increase of crystalline sizes. 

A similar particle size dependence of Nee! temperature was reported in some other 

works. It was found that Mn304 nanoparticles with diameters of6, 10, and 15 nm showed 

a TN = 36, 40, and 41 K, respectively [262] . It was suggested that Mn30 4 nanoparticles 

had reduced Nee! temperature comparing to the bulk value TN = 42 K. This phenomenon 

could be related to surface effects due to the large surface to volume ratio in the 

nanoparticles. The surface effects, which include the surface spins canting, surface 

anisotropy, core-surface exchange interaction, could result in the reduced spontaneous 

magnetization and Neel temperature [46, 263]. 
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CHAPT.E:R 6 


CONCLUSIONS 


The present work was dedicated to fabricate new nanocomposite materials by using 

electrodeposition and to investigate deposition mechanisms, film composition, structure 

and magnetic properties of these materials. A combined method based on the 

electrophoretic deposition (EPD) of cationic polyelectrolytes and cathodic 

electrosynthesis of inorganic phases has been developed to prepare spinel structured 

oxide nanoparticles in situ in the polymer matrix. Various electrochemical strategies have 

been developed, which are based on the use of weak polyelectrolytes, strong 

polyelectrolytes and polymer-metal ion complexes. Deposited films have been 

characterized using XRD, TG, DTA, SEM, TEM and AFM. Magnetic properties have 

been studied by measurement of AC susceptibility at the frequency range of 10Hz to 10 

kHz and the temperature range of 2 to 298 K, ZFC/FC magnetization at different 

magnetic fields in the temperature range of 2 to 298 K. The major conclusions are as 

following: 

The electrodeposition is conducted in ethanol-water mixed solvent containing metal 

chloride salts and polyelectrolytes. Strong polyelectrolyte, such as PDDA, and weak 

polyelectrolytes, such as PEl, PAH, chitosan, and P4VPy, have been utilized in the 

combined method. SEM investigations show good uniformity and adhesion to the 

substrates with thickness range up to 5 ).illl. When the electrodeposition is conducted on a 

carefully polished substrate, AFM studies show very smooth film surface with a root­

mean-square (rms) surface roughness of 1.6 run. 
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It has been shown that the weight percentage of inorganic phase in the deposits can be 

reduced by increasing the polyelectrolyte concentration in the electrodeposition bath 

solutions. In the solution containing 5 rnM MnC(z, when the PEl concentration increases 

from 0.5 g/1, 1.0 g/1 to 2.0 g/1 the weight percentage of Mn30 4 in the Mn30 4-PEI deposits 

drops from 61.6%, 50.4% to 38.7%; and as PAH concentration increases from 0.5 to 1.0 

g/1, the weight percentage of Mn30 4 in the Mn30 4- P AH deposits also decreases from 

60.4% to 47.9%. In the solution containing 5 mM FeC13, as the PAH concentration 

increases from 0.0, 0.2, 0.3 to 0.5 g/1, the weight percentage of y-Fe20 3 in the y-Fe20 3­

PAH deposits reduces from 90.0%, 62.0%, 52.5% to 39.0%. 

XRD and HRTEM studies have shown the crystal structure and morphology of the 

magnetic nanoparticles in the nanocomposites obtained at different experimental 

conditions. It is shown that nearly spherical Mn30 4 or y-Fe20 3 nanoparticles are formed 

in situ in the polymer matrix when the elect odeposition is conducted in the solutions 

containing 5 rnM MnC12 or 5 mM FeCh and one type of the polyelectrolytes, such as 

PAH, PEl, PDDA, chitosan, or P4VPy. 

HRTEM images have been used to study the average particle sizes. The results show 

that the particle sizes are mainly controlled by the polymer properties, e.g. molecular 

weights or functional groups. The average particle sizes of Mn30 4 are 3.0 ± 0.2 nm for 

Mn30 4-PEI (61.6 wt% of Mn30 4, 0.5 g/1 PEl in the solution), 4.6 ± 1.0 nm for Mn30 4­

PAH (60.4 wt% of Mn30 4, 0.5 g/1 PAH in true solution), and 4.4 ± 0.5 nm for Mn30 4­

chitosan (66.6 wt% of Mn30 4, 0.2 g/1 chitosan in the solution). The smaller particle sizes 

for Mn30 4 in the PEl matrix may be caused by a different electrodeposition mechanism, 
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which is based on the use of PEl-metal ion complexes in the electrochemical bath 

solution. HRTEM shows that the average particle size of y-Fe20 3 in chitosan matrix (0.2 

g/1 chitosan in the solution) is 3.2 run. T e particle size distributions in various 

nanocomposites obtained in the present work are proven to be close to the normal 

distribution. 

It is found that the average particle size of inorganic nanoparticles can be controlled 

by the polymer concentration in the electrochemical bath solution. The increase in the 

polymer concentration in solutions and depos·its results in smaller size of the inorganic 

nanoparticles formed in a polymer matrix. In the solution containing 5 mM FeCb, as the 

PAH concentration increases from 0 to 0.5 g/1, the estimated particle size is reduced from 

6.9 run to 2.0 run (Table 5.2). In the solution containing 5 mM MnCh, when PEl 

concentration increases from 0.5 g/1 to 1.0 g/1, the estimated particle size drops from 3.5 

run to 2.8 run. 

Heat treatment IS also used to modify the particle size. When the annealing 

temperature is below the burning temperature of polymer, usually in the temperature 

below 300 °C, only small increase in the particle sizes is observed. However, when the 

annealing temperature is at 300 oc where the polymer is burnt out, significant increase in 

the particle sizes can be found . In the y-Fe20 3-PAH nanocomposites (Table 5.2), the 

particle sizes are 2.5 run and 7.2 run after annealing at 200 and 300 °C, comparing to 2.0 

run of the fresh deposit. When the annealing temperature is at 400 oc and above, the 

phase transformation occurs from spinel phase to non-magnetic oxide phase, such as 

Mn30 4 to Mn20 3 or y-Fe20 3 to a- F~03 . 

211 



Ph.D. thesis - JCao McMaster- Materials Science and Engineering (2008) 

It is discovered that the polyelectrolytes promote the room temperature crystallization 

ofMn30 4 , y-Fe20 3 and other spinel structured nanoparticles. 

DC magnetization and AC susceptibility measurements have been used to study the 

superparamagnetic behavior and ferrimagnetic phase transitions in y-Fe20 3 and Mn30 4. It 

is found that blocking temperature T 8 is mainly controlled by the particle sizes, and that 

increasing the particle size results in shift of the T 8 to higher temperature, which agrees 

with the Neel-Brown's model. With the estimated particle sizes increase from 2.0 nm, 2.5 

nm to 7.2 nm, the experimental data give T8 of 14 K, 25 K, and 195 K, respectively 

(Table 5.2). Moreover, there is almost no frequency dependence ofT8 in the frequency 

range of I 0 Hz - I 0 kHz, this phenomenon is attributed to the strong interparticle 

interaction similar to the results reported in the literature for other materials[255]. It is 

the first time to observe superparamagnetism in Mn30 4 nanoparticles below the 

ferrimagnetic Neel temperature TN, the T 8 is found to be 7 K and 14 K, and therefore the 

estimated average particle sizes are 3.5 nm and 2.8 nm, for the fresh deposit prepared 

from the 5 mM MnCh solutions containing 1.0 g/1 and 0.5 g/1 PEl, respectively. It is 

found that the TN depends on the average particle size. When the estimated average 

particle size ofMn30 4 changes from 3.5 nm to 2.8 nm, the Nee! temperature TN decreases 

from 36 K to 31 K. 

Various theoretical models have been used to calculate the average particle size of the 

magnetic nanoparticles based on the magnetic measurement data, such as Chantrell ' s 

model, Langevin function fitting, Neel-Brown model. The particle separation ratio SID 

was used to describe the level of the interparticle interaction. Langevin function fitting is 
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found to be valid only when the interaction is weak and the system has a very narrow 

particle size distribution. When the system contains a lognormal distribution of particle 

sizes, the Chantrell 's method is used to estimate the parameters of the lognormal 

distribution. When the system has a strong interparticle interaction, a double-lognormal 

distribution is required to describe the magnetization data. The criteria to apply these 

models have been discussed. 

The double-lognormal distribution is also found to be useful to explain the double­

peak phenomenon observed in the imaginary part of AC susceptibility versus temperature 

curves in some nanocomposites. 

HRTEM observation of the particle size distribution shows larger average particle 

size D than the one calculated from the magnetization data. It is concluded that a 

magnetically dead layer is found on the surface of the magnetic nanoparticle because of 

the surface spin canting and other related surface effects. 
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FUTURE WORK 

PEl has shown good binding capacity with metal tons to form PEl-metal ion 

complexes. It will be interesting to investigate chemically modified PEl and other 

chelating polyelectrolytes which have other functional groups to obtain novel 

superparamagnetic nanocomposites. 

In Chapter 4.4.2, co-deposition of iron oxide and P4VPy has been achieved. In order 

to characterize microstructure and magnetic properties of the nanocomposite material, 

some further experiments will be necessary. X-ray diffraction will be important to study 

the crystal structure of the inorganic phase. SEM and HRTEM are needed to study the 

film morphology and particle size distribution. Magnetic characterization is needed m 

order to investigate the relationship between microstructure and magnetic properties 

The double-lognormal distribution was considered for some samples in order to 

explain the double peaks occurred in the imaginary part of the susceptibility versus 

temperature curves. It will be interesting to study the best fitting parameters of the 

double-lognormal distribution to the temperature dependence of AC susceptibility. 

The interparticle interaction is usually treated as an extra term applied to the energy 

barrier in the superparamagnetic particles by other workers. It will be interesting to see 

how the interparticle interaction modifies the magnetic properties of superparamagnetic 

particles. 
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APPENDIX A MATLAB SOURCE CODE 

1. Calculating the AC susceptibility 

%calculate the AC susceptibility based on the superparamagnetic model 

%reference paper Physical Review B, vol 9, number 9, P3891 

%assume a lognormal distribution ofthe diameters ofthe particles 


clear all ; close all; 

%generate a lognormal distribution of the diameter D 


mu=log(2.03); sigma=0.2; counts=lOOOO; 

d=lognrnd(mu,sigma,counts, 1 ); %d, the diameter, nm. 

D=d*10/\(-7) ; %Dis the diameter ofthe particles, em. 

V=l/6*pi*D./\3; 


%define the constants 

orniga=2*pi* 1 0/\5; tau0=1 E-1 0; Ms=51.5; k= l.38* 1 0/\(-16) ; K=27* 1 0/\5; 

a=0.5; vf=0.2; 


%Energy barrier caused by the anisotropy engergy 

Eb=K*V; 


%temperature range is from 1 K to 300 K 

M=300; 

T= linspace( 1 ,3 00 ,M); 

%calculate the real and imaginary part of the susceptibility 

fori=1 :M 


xO=Ms/\2*V*vf/(3*k*T(i)); 

xl=a*Ms/\2*vf/K; 

tau=tauO*exp(Eb/(k *T(i)) ); 

xr(i)=mean(x1 +(xO-xl )./(1 +(omiga*tau)./\2)); 

xi(i)=mean(( omiga*tau). *(xO-x 1 )./(1 +( omiga *tau)./\2))/5; 


end 

%load the experimental data 
load tfepahrt.txt; 
load xfepahrt. txt; 
load xifepahrt. txt 

%plot the simulation curve over the experimental curve 
subplot(1 ,2, 1) 
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plot(tfepahrt,xfepahrt,'r: .'); 

hold on; 

plot(T,xr,'b: .'); 

xlabel('TEMPERA TURE (K)'); 

ylabel('SUSCEPTIBILITY {\chi} real part (ARB.)') ; 

hold off; 


subplot(l ,2,2) 

plot(tfepahrt,xifepahrt,'r:.'); 

hold on; 

plot(T,xi,'b:.'); 

xlabel('TEMPERA TURE (K)') ; 

ylabel('SUSCEPTIBILITY {\chi} imaginary part (ARB.)') ; 


hold off; 


%output the simulation results 

tem=T'; 

realsus=xr'; 

imgsus=xi'; 

save fepahtemp.out tern -ascii ; 

save fepahreallog.out realsus -ascii ; 

save fepahimglog.out imgsus -ascii; 


2. Calculating the magnetization versus applied field 

%calculate the Magnetization versus applied field of the superparamagnetic nanoparticles 

%assuming a lognormal distribution of particle sizes D 


clear all; close all; 

%generate a lognormal distribution of particle sizes D 

mu=log(2.2); sigma=0.08; counts=10000; 

d=lognrnd(mu,sigma,counts, 1 ); %d, the diameter, nm. 

D=d * 1 Ql' ( -7); %D is the diameter of the particles, em. 

V=l/6*pi*D./\3; 


%define the constants 

%m: mass fraction 

Ms=8.38; den=4.9 ; m=0.588; 

lsp=Ms*den/m; 

k=1.38* 1 0/\(-16) ; T=1 00; 
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load mFechiRTlOOK.txt; 

load hFechiRTlOOK.txt; 

plot(hFechiRTlOOK,mFechiRTlOOK,'r:.'); 

hold on; 

%applied field is between -90000 Oe and 90000 Oe 

M=lOOO; 

h=linspace( -90,90,M); 

H=h*l0/\3; 

for i=l:M 


b=Isp*V*H(i)/(k*T); 

L=coth(b )-1./b; 

mag(i)=Ms*mean(L); 


end 

plot(h,mag); 

xlabel('applied field, Oe'); 

ylabel('magnetization, emu/g'); 


save mFechiRTlog.out mag -ascii; 

save hFechiRTlog.out h -ascii 

hold off; 
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