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CHAPTER I 
Introduction 

 Nickel(II) hydroxides, viz. α-Ni(OH)2 and β-Ni(OH)2, belong to a unique class of 

materials known as layered hydroxide metals (LHM) in which the metal atoms are confined to 

the c-plane layers in the hexagonal structure. There is a great deal of interest in LHMs due to the 

easy impregnation of organic, inorganic or biological molecules between the layers to alter their 

magnetic properties [Rabu & Drillon, 2003] and to create multifunctional devices [Demessence, 

Rogez, & Rabu, 2006]. The incorporation of these molecules leads to a longer spacing between 

the basal planes modifying the physical properties including electrochemical and magnetic 

properties. In addition, LHMs are also affected by size reduction from 3 dimensions (3D) to two 

dimensions (2D) and to zero dimensions (0D) in the case of nanoparticles [Brechignuc, Houdy, 

& Lehmani, 2007]. The reduction of size increases the role of surface atoms whose fraction 

increases with the decrease in dimensions. These two effects, viz. molecular absorption and size, 

provide rich avenues for the control of the properties of LHMs. 

1.1 Electrochemical properties of nickel(II) hydroxide 

A major source of interest in nickel(II) hydroxide is because of their applications as a 

positive electrode material in secondary cells [Falk & Salkind, 1969]. Most likely this results 

from the reaction: 

     22
Ni OH OH NiOOH H O e

      (1.1) 
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Although the release of an electron is generally thought of as 1:1, not every mole of nickel(II) 

hydroxide provides a free electron due to a lack of pathways for the hydrogen to escape. With 

XRD simulation, electrochemical studies of the efficiency has been performed on stacking faults 

and disorder in β-Ni(OH)2 by Jayashree, Kamath, and Subbanna [2000], which showed an 

increase in the reversible discharge capacity from 180 mAh/g for crystalline β-Ni(OH)2 to       

400 mAh/g for badly crystalline β-Ni(OH)2. More recently, Ramesh and Kamath [2008] reported 

an increase from 0.4 e/Ni in β-Ni(OH)2 to 0.9 e/Ni in β-Ni(OH)2 with stacking faults. Both 

studies attribute the increase in efficiency to more accessible hydrogen atoms caused by the 

disorder. Another factor into electrochemical performance is size effects. Kiani, Mousavi, and 

Ghasemi [2010] confirmed a 12% increase in the discharge capacity when the particle size is 

reduced from micron size to 18 nm of β-Ni(OH)2. This increase in capacity from micron to 

nanoparticles is likely due to the increase of surface area with active sites. 

 There are two known forms of Ni(OH)2: stable β-Ni(OH)2 and less stable α-Ni(OH)2 with 

larger inter-layer spacing. Although the theoretical capacitance of α-Ni(OH)2 is almost double 

compared to the traditional β-Ni(OH)2, it still has two major disadvantages: (i) it spontaneously 

converts to the β-form in a strong alkali solution and (ii) its density is lower than that of             

β-Ni(OH)2, which negates the increase in capacitance. The conversion of α-Ni(OH)2 to              

β-Ni(OH)2 has been prevented by doping α-Ni(OH)2 with aluminum [Dai, Li, Xiao, Wang & 

Reisner, 2000] and yittrium [Ren, Zhou, Gao, & Yan, 2006]. However, with the increase in 

stabilizing agents, the gain of discharge capacitance from β-Ni(OH)2 is reduced. The use of       

α-Ni(OH)2 may also allow incorporation of other organic compounds to increase the basal 

spacing. Cheng and Hwang [2009] used sodium dodecyl sulfate to increase the c-axis from 4.6 Å 

to 24.7 Å with a significant increase in electrochemical performance attributed to the 
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accessibility of the OH  group in α-Ni(OH)2. Although the stability of α-Ni(OH)2 has improved, 

the problem of lower density has been briefly addressed by Wang, Luo, Parkhutik, Millan, and 

Matveeva [2003] by combining the α-phase and β-phase to increase the capacitance while 

maintaining an intermediate density. 

1.2 Magnetic characteristics 

 Magnetic ordering in concentrated magnetic materials is mainly classed into three 

categories: ferromagnetic (FM), antiferromagnetic (AFM), and ferrimagnetic. Ferromagnetic 

order occurs when all the spins tend to align parallel to each other below a characteristic ordering 

temperature (Curie temperature, Tc). Ferromagnetism is usually associated with having a 

spontaneous magnetization even without an applied magnetic field below Tc. 

Antiferromagnetism occurs when nearest neighbor spins interact in such a way as to align 

antiparallel to each other with equal magnitude on each spin below the Néel temperature TN. In 

this case, the magnetization is zero even though there is magnetic ordering in the system. 

Ferrimagnetism results when nearest neighbor spins align antiparallel to each other while having 

different magnitudes, thus resulting in a spontaneous magnetization although somewhat weaker 

than that in the FM case. Even though these interactions are constant in temperature, the system 

exhibits properties of the magnetic ordering only below the ordering temperature because of the 

role of the thermal energy in disordering the system. 

The magnetic properties of bulk β-Ni(OH)2 has been briefly discussed by Takada, Bando, 

Kiyama, Miyamoto and Sato [1966]; Miyamoto [1966]; Enoki and Tsujikawa [1975]; and 

Szytula, Murasik, and Balanda [1966]. Through these studies, β-Ni(OH)2 was found to be an 
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antiferromagnet with alternating layers of Ni
2+

 spin up and spin down along the c-axis. This 

system also has a metamagnetic (spin-flip) transition to ferromagnetism near 55 kOe. However, 

there is little information about particle size effects in this system. The work presented in this 

dissertation will study size effects in β-Ni(OH)2. 

Due to the layered structure of the metal hydroxides, magnetic properties can be changed 

based on the basal spacing between the metallic  2Ni   layers. In fact, Laget, Rouba, Rabu, 

Hornick, and Drillon [1996] successfully modified the magnetic properties of a sister compound, 

Co(OH)2, by tuning the interlayer spacing using select organic molecules. With the increase in 

interlayer spacing, more fundamental properties can be investigated including dimensional 

transitions [de Jongh, 1990]. With the use of interlayer modification, change in magnetism due to 

different interactions (ie exchange, superexchange, dipole-dipole, etc.) among the layers can also 

be investigated. 

While the magnetic properties of β-Ni(OH)2 have been studied in some detail, α-Ni(OH)2 

has had only a few inconclusive reports. The first initial finding by Rouba, Rabu, Ressouche, 

Regnault, and Drillon [1996] showed α-Ni(OH)2-x(NO3)x with c = 6.9 Å to have 1D and 2D 

ferromagnetic properties while the authors suggested that the system behaves as a disordered or 

spin glass system at low temperatures. A brief report showed α-Ni(OH)2 with c = 23 Å to be 

consistent with a 2D ferromagnetic domain sheet system with a dipolar interaction between the 

layers [Kurmoo et al., 1999]. The intra-layer spacing was investigated using different anion 

species between the layers. The investigators did not see any relationship between the ordering 

temperature (Tc ~ 17 K) and the c/a value [Taibi et al., 2002]. Although these initial studies give 
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some indication of the magnetic ordering in α-Ni(OH)2, more detailed examination are carried 

out here and described in detail in this dissertation. 

1.3 Outline of the Dissertation 

The rest of this dissertation is arranged as follows: the synthesis procedures of both bulk 

β-Ni(OH)2 and α-Ni(OH)2 samples are presented in chapter II along with the characterization of 

these samples and β-Ni(OH)2 nanoparticles obtained from Alfa Aesar through the use of powder 

x-ray diffraction (XRD), thermogravimetric analysis (TGA), infrared spectroscopy (IR), 

transition electron microscopy (TEM), and scanning electron microscopy (SEM). Chapter III 

gives details of the magnetic properties of bulk and nanoparticles of β-Ni(OH)2 obtained through 

the use of the in-house superconducting quantum interference device (SQUID) magnetometer 

and the use of the high 18 Tesla magnetometer from the National High Magnetic Field 

Laboratory (NHMFL) at Florida State University. Discussion of the results is described after the 

experimental data. These results show a clear indication of the effects of particle size and sample 

morphology on the magnetic properties. Chapter IV gives experimental results and discussion of 

the magnetic properties of α-Ni(OH)2 which shows a distinct difference from the nature of 

magnetic ordering in β-Ni(OH)2. Chapter V gives a direct comparison of the magnetic properties 

between the two phases of Ni(OH)2, summarizes the general results of this dissertation, and lists 

possible future studies. 
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Figure 2.1: Ni(OH)2 in the CdI2 structure. 

CHAPTER II 

Synthesis and Characterization 

2.1 Introduction 

Before discussing the magnetic properties of β-Ni(OH)2 and α-Ni(OH)2, it is essential to 

describe the procedure used in the synthesis and characterization of the sample for phase purity. 

The synthesis of nickel(II) hydroxide has been accomplished through many different techniques 

to get both phases and different sizes. In this work, the bulk-like sample of β-Ni(OH)2 was 

synthesized using hydrothermal techniques after precipitation, while nanosize sample was 

purchased from Alfa Aesar. The α-Ni(OH)2 samples were prepared using a hydrothermal process 

described later in this chapter. After preparation of the samples, their chemical phases were 

determined using X-ray diffraction (XRD), thermogravimetric analysis (TGA), and          

Fourier-transform infrared spectroscopy (FTIR). The sample sizes are determined using a 

combination of XRD, transmission electron 

microscopy (TEM), and scanning electron 

microscopy (SEM). The basics of these 

techniques are described below before the 

results from characterizing the samples are 

presented. 

  Nickel(II) hydroxide crystallizes in 

the CdI2 structure (Fig. 2.1) and belongs to 

the layered hydroxide metals (LHM) [Poul, 
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Jouini, & Fiévet, 2000]. Due to the layering, these compounds are generally distinguished 

between two phases, viz. alpha (α) and beta (β). The difference between the two phases is the 

elongated c-axis due to the intrinsic disorder in the α-phase from the incorporation of anionic 

species between the layers. For α-Ni(OH)2, c = 8.2 Å between the layers was obtained using 

nitrates [Genin, Delahaye-Vidal, Portemer, Tekaia-Elhsissen, & Figlarz, 1991] while c = 24.7 Å 

spacing between the layers was obtained using sulfate anions [Cheng & Hwang, 2009]. This 

crystallite tunability has also been observed in other LHMs, such as Co(OH)2 [Laget et al., 

1996]. However, with the incorporation of anionic species, the sample also contains many 

disorders which are also seen in non-metallic layered systems such as graphite [Babu & Seehra, 

1996; Seehra & Pavlovic, 1993]. These disorders have been extensively studied using the 

DIFFaX program, which has been used to simulate Mg(OH)2 samples [Radha, Kamath, & 

Subbanna, 2003] as well as Ni(OH)2 samples [Ramesh & Kamath, 2008]. These studies have 

shown that stacking faults occur even in the "crystalline" form. The three main disorders are 

turbostraticity, interstratification, and stacking faults. Turbostraticity is the shifting from layer to 

layer such that the nickel atoms are not directly above each other. This broadens the (h,k,0) lines 

in the PXRD pattern. Interstratification is the random incorporation of water molecules between 

the layers. This effect tilts the layers affecting the c-parameter within the layers. 

Interstratification broadens the (0, 0, l) lines. Stacking faults is the random changes in the           

c-parameter between the layers, and it broadens the (h, 0, l) reflections. Although these disorders 

are apparent in LHM samples, further investigation of these effects are not necessary for 

studying the magnetic properties. 
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Figure 2.3: X-ray tube diagram [Scholtz, 2000]. 

2.2 Brief Description of Characterization Techniques 

 Thermogravimetric analysis (TGA) does not only serve to determine the decomposition 

temperature, but it can also give percent composition of the material. For example, water 

percentage is determined from the decrease of weight around 100 ˚C. In TGA a pan with the 

sample is heated at a given rate and the weight as a function of temperature is recorded. 

Typically the product of the result is determined using x-ray diffraction methods, and the initial 

composition and defects can be determined by reverse calculation. The decomposition of pure 

nickel(II) hydroxide to nickel(II) oxide, Eq. (2.1), in air is around 250 ˚C with a weight loss of 

19.4 % (appendix A). 

 
Air

2 2250°C
Ni(OH) NiO H O (g)   (2.1) 

 X-ray diffraction (XRD) is used to determine many physical properties including crystal 

structure and particle size. Before describing these calculations, the production of x-rays to 

obtain the pattern is discussed. X-rays are produced using a x-ray tube in which a typical 

wavelength spectra is shown in Fig. 2.2 from a copper cathode ray tube. The x-ray tube (Fig. 2.3) 

consists of three main parts, the filament, the accelerating grid, and the anode. Electrons are 

Figure 2.2: X-ray spectrum from a copper cathode ray 

tube. 
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ejected from the filament because of the current, I, being supplied to the filament. The free 

electrons from the filament pass through the accelerating grid which has a voltage difference 

with the anode, V. The electrons are accelerated to the anode and strike the anode with energy, 

eV. The electrons go through two processes when hitting the anode: (i) scattering and               

(ii) electron emission from the anode. The energy released through the scattering of the incoming 

electrons depends on the angle of incidence and can range from zero to the maximum energy 

allowed, eV. The energy due to scattering is emitted through the form of heat in the anode and 

emission of x-rays. Since the heat constitutes ~ 98 % of this energy, water cooling is needed to 

prevent damage to the anode. The x-rays (~ 1 - 2 %) given off by this process will have 

wavelengths relating to zero and maximum energy through Eq. (2.2). 

 ,hc hc hc
E eV

E

    (2.2) 

The minimum wavelength corresponds with the maximum energy while there is no upper 

limit to the wavelength. This scattering process is responsible for the continuous nature of the 

spectra given off. The incoming electron can also lose its energy by removing the inner shell 

electrons. This excited state will quickly rearrange to the ground state by replacing the vacancy 

with a higher shell electron and emit radiation in the form of x-rays. This process results in the 

sharp lines in the spectrum seen in Fig. 2.2 and is only dependent on the target material. The 

Rigaku XRD machine uses a copper anode with a current of 30 mA and a voltage of 40 kV 

resulting in λmin = 0.31 Å, Kα = 1.54185 Å, and Kβ = 1.39217 Å. 

XRD patterns give information on the lattice, crystal structure, and particle size of the 

powder. The overall lattice structure of the sample determines the position of the XRD pattern 

lines. The intensity of these lines depends both on the elemental atom and the positional 
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arrangement of these atoms within the unit cell. In fact due to the position of certain atoms in the 

unit cell, certain lines may disappear (I ~ 0). From these intensities and peak positions, the 

crystal structure can be determined accurately. Although the intensity of the peaks depends on 

the crystal structure, the broadening of these peaks depend both on the grain size and the 

disorders described above. The size broadening is described by the Williamson-Hall equation 

[Williamson & Hall, 1953]: 

 
K

cos sin
L

o    
hkl

hkl

 (2.3) 

with β being the full width at half maximum (FWHM) in radians corrected for instrumental 

broadening, θ the angle at which the peak occurs, λ the wavelength of the x-rays used, Ko a 

constant, η the stress/strain in the sample, and Lhkl the sample length along the (h k l) direction. 

Typically Lhkl is determined by plotting cos   vs. sin . However, for nickel(II) hydroxide 

samples with the hexagonal lattice, Ko differs between the in-plane and out-of-plane reflection 

lines. This reduces the number of peaks where the typical determination of Lhkl is not suitable. 

The broadening can also be used as an indication of the morphology through the non-uniform 

broadening between peaks and within the peaks. These differences will be discussed when 

examining the XRD patterns directly. 
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Whereas XRD provides information on the particle size and crystal structure of a sample 

and TGA provides some information of the chemical formula of a material, these techniques are 

unable to determine the nature of different groups present in a sample. IR spectroscopy filled this 

gap by providing useful information on the chemical groups/elements present in our sample 

through their vibrational/bending frequencies. Even though the initial IR spectrographs cycled 

through wavelengths individually, more 

recently Fourier-Transform IR (FTIR) 

spectrometers make it easier and 

quicker to get the IR spectrum of a 

sample by measuring all wavelengths 

simultaneously. The typical FTIR 

spectrometer is shown in Fig. 2.4. Here 

the laser beam (a) goes through a beam 

splitter with one beam (b) going to a 

stationary mirror and the other beam (c) 

to a movable mirror. These two beams 

reflect off the mirrors and they (d, e) 

recombine to create a new beam at the 

beam splitter. The beam (f) now 

contains all λ due to the wavelength differences by the movable mirror. This beam (f) travels 

through the sample where it loses energy to the sample then the beam (g) continues to the 

detector. The detector sends the signal to the computer which performs the Fourier transform to 

obtain the spectrum. 

Figure 2.4: Typical FTIR setup. 
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 The simple harmonic model for the frequency of an IR mode is of a two mass system 

connected with a spring. The resonant frequency at which this system will vibrate Eq. (2.4) is 

related to both the spring constant (k) and the reduced mass (μ). 

 

1
2

1

2

k


 

 
  

 
 (2.4) 

Therefore, the specific bond (ie single, double, triple, etc.) and atomic elements/compounds can 

be directly determined through FTIR. In fact, molecules can usually be distinguished between 

free floating and surface adsorbed molecules due to the changes in the reduced mass. The 

molecules can vibrate in two different modes. They can compress (ν) and bend (δ). 

 Transmission electron 

microscopy (TEM) and scanning 

electron microscopy (SEM) are used 

to determine size, morphology, and 

phase purity. Both systems initially 

produce and focus electrons through 

an electron gun and electromagnetic 

lenses. The electron gun (Fig. 2.5) 

creates electrons from heating a 

filament where the electrons 

immediately undergo acceleration to 

the anode. After reaching the anode, 

the electrons are positioned in a 

Figure 2.5: Electron gun diagram [Materials Science and Engineering 

Department]. 
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uniform front toward the aperture which focuses the electrons to a single stream. From here, the 

electrons in TEM are projected onto the sample. After passing through the sample, the scattered 

and unaffected electrons are focused by an objective lens, which creates a 1:1 image of the 

sample. This image is then magnified using a projector lens to create the images usually 

observed for TEM. Between the objective and projector lens, an image of both the bright field 

and dark field regions can be obtained to determine crystal structure and phases similar to XRD 

[Owens & Poole, 2008]. 

 SEM consists of using the electron gun as the electron source, see Fig. 2.5. The stream of 

electrons from the electron gun passes through the magnetic lenses (scanning coil) to direct the 

electrons across the sample. The electrons reflect off the sample and the collected secondary 

electrons form the images typically seen (Fig. 2.6). Although the topography (images) are taken 

from the secondary electrons, there are other scattering mechanisms which produces other 

byproducts with differing information. These include x-rays (bulk composition), Auger electrons 

(surface composition), cathodoluminescence (electrical information), primary backscattered 

electrons (atomic and topographical) [mse.iastate.edu/microscopy]. 

 
Figure 2.6: SEM column diagram [Materials Science and Engineering Department]. 
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2.3 Synthesis and Characterization of β−Ni(OH)2 

2.3.1 Synthesis 

 A commercial sample of β-Ni(OH)2 from Alfa Aesar was used without any modification 

to it (sample β-A). Sample β-B was prepared hydrothermally from a precipitated solution 

following the procedure described by Miyamoto [Miyamoto, 1976]. The precursor of sample β-B 

is obtained through precipitation of 4M NaOH within aqueous solution of 0.1M Ni(NO3)2 until 

pH ~ 14 is reached, Eq. (2.5).  

 3 2 2 3Ni(NO ) 2NaOH Ni(OH) 2Na(NO )   (2.5) 

The calculations of the amount of each chemical used in the synthesis are given in appendix A. 

The precipitate and solution were transferred to a 300 ml stainless steel autoclave by Parr 

Instruments. The solution and precipitate were heated to 310 ˚C and held at this temperature for 

four hours. The autoclave was then cooled to room temperature naturally. The precipitate was 

separated from the solution by centrifugation. The precipitate was washed twice with deionized 

water, once with ethanol, and dried at room temperature overnight. Fig. 2.7 shows the summary 

of synthesis of bulk-like β-Ni(OH)2 sample β-B. 
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2.3.2  Lattice and Crystal Structure 

 XRD patterns of both samples are shown in Fig. 2.8. The position of the lines gives a 

hexagonal lattice with a = 3.12 Å, c = 4.67 Å. The crystal structure is known to form in a 

hexagonal lattice with two layers of hydroxyl groups between the nickels which are situated at 

the lattice points (Fig. 2.1). The broadening of the peaks in sample β-A is mainly due to the 

particle size effects of the powder with indication of non-uniformity of the particle morphology. 

Fig. 2.6: Electron gun 

diagram. 

Figure 2.7: Summary of preparations for bulk-like β-Ni(OH)2, sample β-B. 









 

69 

 

4.8 Discussion and Interpretation 

4.8.1 Temperature Dependence of Paramagnetic Susceptibility 

 Above Tp, M vs. T data are identical for the ZFC and FC cases as noted above. Plots of  

M vs. T for T > Tp for H = 50, 100, 300, 800, 1000, 2500, 3000, 3500 Oe are shown in Fig. 4.2. 

In our preliminary report comparing the nature of magnetism in α-Ni(OH)2 and β-Ni(OH)2 [Rall 

et al., 2010(a)], the data of χ vs. T were fit to the Curie–Weiss law: 
 

C

T 



  in a plot of           

1   vs. T. Such a plot shown in Fig. 4.20 yields 35 K   and  
4 emu K

 OeC 87.4 10  g

   giving 

B3.13   as the magnetic moment per Ni
2+

 ions. This large value 35 K   for α-Ni(OH)2 

compared to 20 K   for β-Ni(OH)2 is inconsistent with 2D FM ordering followed by AFM 3D 

Figure 4.19: AC susceptibility of sample α-B at HDC = 20, 100, and 800 Oe with f = 10 and 550 Hz. 
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ordering as in β-Ni(OH)2 since J2 > 0 is obtained for θ = 35 K. Using Eqs (3.4) and (3.3) for TN 

and θ respectively used earlier for β-Ni(OH)2 to determine the exchange constants J1 and J2 from 

the experimentally determined TN = 16 K and θ = 35 K for sample α-A leads to 1

B
3.2 KJ

k   and 

32

B B

3 1.2 KJJ
k k  . The positive magnitudes of both J1 and J2 implies that α-Ni(OH)2 should be a 

ferromagnet, opposite to the observation in β-Ni(OH)2 yet still showing zero magnetization near 

T = 0 K for ZFC and HC ≃ 1150 Oe. However the magnitude of 2

B
1.2 KJ

k   is unrealistically 

large considering the increased interplanar spacing of c = 8.6 Å compared to c = 4.6 Å for          

β-Ni(OH)2 in which 2

B
0.3 KJ

k    was determined [Rall et al., 2010(a)]. An alternative 

calculation for J2 is given in section 4.9 based on the transition temperature dependence on J2 of 

a two dimensional Heisenberg lattice. 

 

 
Figure 4.20: Curie – Weiss fit to χ-1 vs. T for sample α-A. 
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4.8.2 High Temperature Series (HTS) Fit 

 In Fig. 4.21, the data for T < 150 K does not fit the linear variation expected from the 

Curie–Weiss law. A more accurate analysis of χ vs. T for T > Tp can be made using a fit to a 

high temperature series (HTS) of the magnetic susceptibility for S = 1 for a 2D triangular lattice 

valid for Ni(OH)2. Following Van Dyke and Camp [1974], the HTS is: 

 
2 2 8

B 1

0B B

2 2

3 MW T T

n

A
n

n

N g J
a

k k






 
  

 
  (4.1) 

with the leading terms of an are shown in Table 4.1. It is well known [Seehra, 1969] that just the 

first two terms of the series yields the Curie–Weiss law. The varied parameters for the fit gives         

g = 2.29 and the intra-layer interaction 1

B
4.38 KJ

k  . The χ vs. T data in   

Fig. 4.21 is fit to the HTS down to 50 K after correcting for the theoretical 

diamagnetic contribution to the susceptibility. This diamagnetic contribution 

  6 emu
 Oe0.66 10  go

    is expected to be significant in α-Ni(OH)2 due to 

the increased anionic species. Because of the increasing contributions of the 

terms greater than the first two terms in Eq. (4.1) for α-Ni(OH)2, the validity 

of the Curie–Weiss law in this case is only valid for T > 150 K. 

ao 1 

a1 4 

a2 14 

a3 46 

a4 145 

a5 446 

a6 1343 

a7 3981 

a8 11663 

Table 4.1: Leading 

coefficient of HTS. 
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CHAPTER V 

Comparison, Summary and Conclusion 

5.1 Comparison of the Magnetism in β-Ni(OH)2 and α-Ni(OH)2 

 In the preceding chapters experimental 

results for β-Ni(OH)2 (chapter III) and α-Ni(OH)2 

(chapter IV) were presented. While individually 

important, these two systems gives magnetic 

evolution of nickel hydroxide from the β-phase to 

the α-phase. Fig. 5.1 shows temperature variation 

of the magnetic susceptibility  M
H

   for both  

β-Ni(OH)2 (sample β-A) and α-Ni(OH)2 (sample 

α-A). There are distinct differences between the 

two phases including a lower ordering 

temperature and the magnitude of the 

magnetization of the samples. The shift of the 

peak to lower temperatures is attributed to the system shifting to the ordering temperature of a 

purely 2D Ising system. 

The magnetic susceptibility of α-Ni(OH)2 below TC is 40 times greater than that in         

β-Ni(OH)2 for the field cooled data. Both FC data for α-A and β-A shows characteristics of 

ferromagnetism while having different mechanism for the ferromagnetic behavior. In β-Ni(OH)2 

the increase near Tp is associated with the partial alignment of the uncompensated surface Ni
2+

 

spins along the applied magnetic field direction; whereas in α-Ni(OH)2, all layers of Ni
2+

 are 

Figure 5.1: Temperature variation of magnetization for 

sample β-A and sample α-A 
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ferromagnetically aligned with the applied field due to the interlayer ferromagnetic coupling. 

The larger χ(FC) at T = 2 K is associated with the lower transition in the applied magnetic field 

needed to alter the magnetic ordering from 55 kOe to 1 kOe. 

 The M vs. H data (Fig. 5.2) shows a major 

distinction between the two phases. β-Ni(OH)2 is 

an antiferromagnet with two metamagnetic 

transitions around 28 kOe and 55 kOe without 

saturation at 65 kOe. On the other hand,              

α-Ni(OH)2 is more characteristic of 

ferromagnetism with saturation beginning around 

20 kOe and almost reaching saturation at 65 kOe. 

The hysteresis loops (Fig. 5.3) are also quite 

different between the two phases. Although 

antiferromagnetic materials do not typically show 

hysteresis, β-Ni(OH)2 shows remanence and 

coercivity due to the uncompensated surface Ni
2+

 

spins of the nanoplatelets. On the other hand,     

α-Ni(OH)2 at T = 2 K shows a magnetic 

annealing like behavior while converting to a 

ferromagnetic like curve at T = 6 K. Therefore, 

the major difference between sample β-A and 

sample α-A results primarily from the increased 

Figure 5.2: M vs. H data for α-Ni(OH)2 and β-Ni(OH)2 

at T = 2 K. 

Figure 5.3: Hysteresis curves for both phases at low 

and higher temperatures. 
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interlayer spacing in α-A and the resulting FM order compared to AFM order in sample β-A. 

5.2 Summary 

 Bulk β-Ni(OH)2 has been synthesized and characterized along with nanoplatelet             

β-Ni(OH)2 obtained from Alfa Aesar. The particle sizes for the two samples are 4 x 40 nm and     

24 x 72 nm for nano and bulk-like samples, respectively. TEM images of the nanosized sample 

shows a platelet morphology with thickness of ~ 4 nm and edge length of ~ 40 nm with the        

z-axis collinear with the thickness. The bulk-like sample is assumed to have similar morphology 

due to the non-uniform broadening observed similarly for the nanoparticle sample. 

 The magnetic properties of the two β-Ni(OH)2 samples are presented in chapter III and 

are summarized here. The peak temperature of the ZFC-FC data shows a shift from Tp = 26.5 K 

for the bulk-like sample to 24.5 K for the nanoscale sample. This decrease in Tp is related to a 

nanosize effect. The ZFC data for H = 100 Oe was fit to a Curie-Weiss relation with θ = 20.5 K 

(16 K) and C = 112 x 10
-4

 emu K/(g Oe) (149 x 10
-4

 emu K/(g Oe)) for nanoscale (bulk-like) 

sample and giving rise to μ = 2.92 μB (3.33 μB) and S = 0.92 (1.09). With further investigation, 

the ordering temperatures 
   T

T
max,min

Tordering




  shows a two step process from 

antiferromagnetism (TN = 23 K) to paramagnetism with the intermediary of 2D ferromagnetism 

(Tc = 25 K). Using the two sublattice molecular-field model, and the Hamiltonian given in 

chapter III, the exchange interactions for the nanoplatelet sample are found as 1

Bk 3.25 KJ , 

2

Bk 0.32 KJ  , and 3

Bk 0.11 KJ  , while for the bulk-like sample, 1

Bk 2.67 KJ ,

2

Bk 0.315 KJ  , and 3

Bk 0.105 KJ   are determined. 
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 Both the bulk-like and nanosized samples of β-Ni(OH)2 have a metamagnetic transition 

near HC2 ≃ 55 kOe , while the nanoplatelets have an additional transition around 28 kOe. Using 

the model described in chapter III, the critical magnetic field is described by 

 
B

4
C2 2 2 3 3g

H Z ZS J J


    which yields HC2 ≃ 48 kOe similar to our experimental results. The 

additional transition in the nanoplatelet sample at 28 kOe is explained by flipping of the surface 

spins whose percentage increases in nanoparticles, and it is given by HC1 = ½ HC2. Using the 

National High Magnetic Field Laboratory facilities, the saturation magnetization                      

MS = 118 emu/g is determined with HS = 150 kOe being the saturation field. These magnitudes 

of MS and saturation field HS are in excellent agreement with the calculated magnitudes of       

MS = 118.5 emu/g and HS =153 kOe. 

 Since the hysteresis is only shown in the nanoplatelet sample, it is associated with the 

size effects of the system. The model described in chapter III predicts a remanence of               

Mr = 2.2 emu/g in agreement with our experimental work and also attributes the coercivity Hc to 

the uncompensated surface spins. 

 Samples of α-Ni(OH)2 showed a larger c-axis, c = 8.6 Å, with acetyl anions between the 

nickel sheets. The morphology, based on the SEM images, shows a flower-like structure with 

petal thickness of ~ 10 nm, while the particle is larger around 200 nm. 

 Details of the magnetic properties of α-Ni(OH)2 are presented in chapter IV. The 

temperature variation of the magnetization shows a peak temperature at 16 K for H = 50 Oe 

corresponding to ferromagnetic ordering. As such, the M vs. T ZFC data for T > 50 K were fit to 

the 2D Ising S = 1 high temperature series giving g = 2.29 and the in-plane ferromagnetic 

interaction of 1

Bk 4.38 KJ . Based on the Heisenberg 2D to 3D transition of the ordering 
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temperature, the interplanar exchange interaction was determined to be 2

B
0.14 KJ

k  . The 

ordering temperatures given by 
 T

T




 shows a two step process different from β-Ni(OH)2 seen by 

the large magnetic field dependence of the lower transition. The magnetic field dependence of 

the lower temperature is also evident by the ZFC non-uniform broadening of the peak. The ac 

susceptibility gives evidence for two magnetic regimes below the FM ordering. Below Tp 

particle size effects are seen with a blocking temperature highly dependent on the applied 

magnetic field and the measuring frequency. The system also exhibits magnetic annealing 

behavior due to the canted surface spin below Tm ≃ 3.5 K. This gives rise to exchange bias 

below 3.5 K and a hysteresis loop evident of spin pinning. 

5.3 Suggestions for Further Studies 

(1) The present study in β-Ni(OH)2 has pretty well established the nature of its magnetism 

and how the nanosize affects the measured properties. Additional studies could be carried 

out on β-Ni(OH)2 with systematic variation in the particle size and morphology [Dong, 

Chu, & Sun, 2008]. The different morphologies provide a direct avenue to explore the 

uncompensated surface spins in this model even when the dimensions are of the 

nanoscale. Controlled synthesis of particle size and morphology will be an experimental 

challenge due to the high crystalline anisotropy which prefers the hexagonal platelet 

morphology. 

(2) For α-Ni(OH)2, studies in a bulk sample as well as variation of the magnetic properties 

with particle size may provide interesting results. Again synthesis of particles of desired 

size and morphology may present an important challenge. Also measurements of 
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magnetization in magnetic fields higher than 65 kOe might provide more accurate values 

of saturation magnetization and ac susceptibility measurements with varying DC 

magnetic fields could be useful to more accurately determine the transition with existing 

theory. 

(3) For α-Ni(OH)2 variations in the magnetic properties with change in the c-axis by 

incorporating different ligands might present an interesting case study to get a more 

thorough and accurate representation of the evolution of magnetism from β-phase to large 

c-axis α-phase. 

(4)  Further studies into the layered hydroxide metals can be useful in determining 

applications for multifunctional devices. For example, the incorporation of 

bioluminescent molecules between the layers may provide interesting results for the 

control of light through other means, such as magnetism. 
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APPENDIX A 

Supplemental Material for Synthesis and Characterization 

 This appendix contains calculations and additional measurements from chapter II 

(synthesis and characterization) 

A.1 Synthesis Calculations 

 β-Ni(OH)2 sample β-B 

  Nickel Nitrate:  3 22
Ni NO 6H O , Molecular Weight (MW) = 290.83 g/mol 

  Sodium Hydroxide: Na(OH), MW = 40 g/mol 

  Molarity (M) = mol/L = weight/(MW * L) 

  0.1M Nickel Nitrate = x g nickel nitrate/(290.83 g/mol 0.125 L) 

   x = 3.64 g  3 22
Ni NO 6H O  in 125 ml of water 

  4M NaOH = x g NaOH/(40 * 0.5 L) 

   x = 80 g NaOH in 500 ml H2O 

α-Ni(OH)2 

  Nickel Acetate:  3 22
Ni CH COO H Ox , MW = 249 g/mol 

sample α-A: 0.1M  3 22
Ni CH COO H Ox  = x g  3 22

Ni CH COO H Ox /(249 

g/mol 0.1 L) 

   x = 2.49 g  3 22
Ni CH COO H Ox  in 100 ml of ethylene glycol 

sample α-B: 0.1M  3 22
Ni CH COO H Ox  = x g  3 22

Ni CH COO H Ox /(249 

g/mol * .075L) 
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  x = 1.87 g  3 22
Ni CH COO H Ox  in 75 ml of ethylene glycol 

A.2 TGA Calculations 

 Theoretical calculations 

    22
Ni OH NiO H O( )g   

  Ni(OH)2 , MW = 92.7 g/mol 

  NiO, MW = 74.7 

  1 mol Ni(OH)2 = 92.7 g 

  1 mol NiO = 74.7 g 

  
initial final

100
initial


  

  
92.7 74.7

100 19%
92.7


   

 Sample β-A 

  Initial:   22
Ni OH H Ox , MW = 92.7 g/mol + x*(18 g/mol) 

  Intermediate: Ni(OH)2, MW = 92.7 g/mol 

  Final: NiO, MW 74.7 t/mol 

  
initial intermediate 92.7 18 92.7

100 100 2.73
initial 92.7

x  
     

  x = 0.144 mol H2O 

 Sample β-B 

  Initial:   22
Ni OH H Ox , MW = 92.7+18x 

  Intermediate: Ni(OH)2, MW = 92.7 g/mol 

  Final: NiO, MW = 74.7 g/mol 
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initial intermediate 92.7 18 92.7

100 100 1.92
initial 92.7

x  
     

  x = 0.101 mol H2O 

 α-Ni(OH)2 

  Initial:    3 22
Ni CH COO H O

x x
OH n


  

MW = 92.7 g/mol +n*(18 g/mol)+x*(42 g/mol) 

  Intermediate:    32
Ni CH COO

x x
OH


, MW = 92.7 g/mol +x*(42 g/mol) 

  Final: NiO, MW = 74.7 g/mol 

 Sample α-A 

  
initial intermediate 92.7 18 42 92.7

100 100 17
initial 92.7

n x   
     

  
initial final 92.7 42 74.7

100 100 49.7
initial 92.7

x  
     

From these two equation, 

  1.06 0.48n x   and 21.1 9.05 28.07x n   

 Therefore, x = 0.77 mol  3CH COO

 and n = 1.43 mol H2O 

 

 Sample α-B 

  
initial intermediate 92.7 18 42 92.7

100 100 16
initial 92.7

n x   
     

  
initial final 92.7 42 74.7

100 100 45.9
initial 92.7

x  
     

From these two equation, 

  x = 2.25n – 2.21 and 22.7x + 9.738 n = 24.55 

 Therefore, x = 0.55 mol  3CH COO

 and n = 1.23 mol H2O 
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A.3 Temperature Programmed Reduction (TPR) 

 Temperature Programmed Reduction (TPR) is mainly used to determine the oxidation 

state of metals and find the temperature at which the compound reduces. This is done by heating 

a sample in an argon/hydrogen mixture. The TPR of sample β-A, Fig. A.1,shows the hydroxide 

metal goes through only one transition from nickel hydroxide to nickel. The temperature at 

which this occurs is also similar to the reduction of nickel hydroxide to nickel oxide in air. 

Without an intermediate, there is a pathway more direct to create nanoparticle samples of nickel 

with similar morphology to nickel hydroxide. The temperature ~ 240 C is much lower than the 

nickel oxide to nickel reduction. This could be useful to reduce the agglomeration of particles 

when using higher heat and hence create smaller nanoparticles to study. 

 

 

Figure A.1: Temperature Programmed Reduction of sample β-A. 
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