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ABSTRACT 

The role of pH on the structural, morphological, and magnetic properties of hydrothermally 

synthesized NiO-based magnetic heterostructured nanocrystals (MHNCs) is investigated. The 

NiO nanocrystals were synthesized using a two-step thermal decomposition process whereas the 

deposition of the surrounding Mn-based phases was accomplished by hydrothermal means at pH 

values ranging from 2.4 to 7.0. The resulting heterostructured nanocrystals consist of inverted 

AFM-FiM NiO/±MnxNi1-xO/±Mn3O4 bimagnetic/trimagnetic systems. A complete 

characterization of the MHNCs was carried using XRD, TEM, EDS, MPMS magnetometry and 

XPS analysis. Structural investigations revealed predominantly faceted MHNCs ranging in size 

from 24-30 nm with expitaxially grown MnxNi1-xO overlayers and/or Mn3O4 decorated 

nanoislands. Magnetic data reveal a significant enhancement in the coercivity, exchange bias and 

remanent magnetization values with increasing pH values and peaking at a pH of ~5, followed 

by a substantial decline with further increasing pH. The XRD, TEM and magnetometry data are 

consistent with predominantly MnxNi1-xO shell formation at lower pH, mixed deposition of 

MnxNi1-xO shell and Mn3O4 islands at intermediate pH, and deposition of predominantly Mn3O4 

islands at higher pH values. Finally, the XPS spectra analysis confirm Mn2+ incorporation at low 

pH values and an admixture of Mn2+ and Mn2+ at higher pH values in the MHNCs. 

 

KEYWORDS: magnetic heterostructured nanocrystals, hydrothermal, pH, exchange bias, 

coercivity, magnetic domain, spinel structure, magnetic anisotropy, interface, XPS. 
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CHAPTER 1: INTRODUCTION 

 

Nanocrystal synthesis and characterization have been a fundamental component of 

modern nanomaterials and nanotechnology studies. Over the years, the diversity in nanocrystals 

has attracted researchers for exploring their novel and unique properties and their potential 

applications in various sectors of science. Nanocrystals are one kind of nanomaterials which can 

be considered as an aggregate of molecules having a length of 1 to 100 nm in at least one 

dimension [1]. Their properties lie between the bulk materials and molecules. The nanocrystals 

can be classified based on their size, shape, and applications. Among all kinds of nanocrystals, 

the most widely studied ones are semiconductor nanocrystals, magnetic nanocrystals, nanocrystal 

solar cells, quantum dots and nanoparticles [2]–[5]. On the other hand, a heterostructured 

nanocrystal (HNC) can be considered one kind of nanomaterial having multiple layers on top of 

one another connected by some interface [6]. A lot of studies have been done on heterostructured 

nanomaterials over the decades because of their promising physical, optical and electrical 

properties [6]–[10]. The layers in the structure are allowed to grow either as a natural 

phenomenon or artificially. Heterostructured nanocrystals (HNCs) can be grown either by 

sequential or concurrent or direct growth of different building blocks. But whatever the growth 

technique, the main mechanism of synthesis is the nucleation and growth of different material 

sections. Because of different layers in the structure, there can be intertwining or periodicity of 

properties which combined can introduce novel characteristics that do not occur naturally. The 

HNCs can be classified based on their dimensions as it is a conjugate of two or more distinctive 

nanomaterials. Figure 1.1 shows the classification of heterostructured nanocrystal based on the 

dimension. 
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Figure 1.1: Classification of heterostructure nanomaterials 

 

Figure 1.2(a) shows different combinations of the coating layer or depositions over the 

core of a 3-dimensional particle-like heterostructured nanocrystal. As can be seen from the 

picture, there can be two types of growth of the coating layer – (i) epitaxial and (ii) nonepitaxial. 

Epitaxial growth covers the fact that the newly grown coating layer can have the same crystal 

structure as the core called homoepitaxy or a different structure called heteroepitaxy [11]. Figure 

1.2(a) also shows the nonepitaxial growth which means the grown material does not depend on 

the structure of the core material and it can have a different crystal structure and shape [12]. 

Figure 1.2(b) and 1.2(c) illustrate some more forms of the heterostructured nanocrystals where it 

does not only take a particle-like shape rather rod-like structure called nanorod and nanowire. 

Nanorods and nanowires are other forms of MHNCs that have been studied extensively by 

various researchers [13]–[16]. They can be transformed into excellent magnetic heterostructured 

nanocrystals and can provide enhanced magnetic and electrical properties [15]. The increased 

amount of surface plasmon excitations occurs in nanorods and nanowires due to the larger aspect 

ratio which amplifies the electrical field of the total structure. One important difference between 

epitaxial and nonepitaxial growth of the coating layer is the lattice mismatch. Since nonepitaxial 
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growth maintains a different crystal structure, there can be a lot of lattice mismatch between the 

two structures. Apart from the lattice mismatch, there can be other surface defects such as 

vacancy, surface roughness as well at the interface of the structures. Figure 1.3 shows the 

transmission electron microscopy (TEM) image of a system where structural uniformity is 

maintained at the interface in both of the images but – (a) has only MnxNi1-xO shell which is 

called homoepitaxy and (b) has both MnxNi1-xO shell Mn3O4 islands termed as heteroepitaxy. In 

our study, we have synthesized faceted shaped [Figure 1.2(d)] and pseudo-spherical type [Figure 

1.2(e)] MHNCs out of which some are inverted core-shell type nanocrystals and some are 

multiple layered having both shell and nanoislands.  

     

           

Figure 1.2: (a) Different combinations of coating layers on heterostructured nanocrystals [17], 

(b) deposition of secondary layer over primary nanomaterial in different possible forms [18], (c) 

nanowires and deposition on nanowire (d) faceted nanostructure having nanoislands as 

depositing layer (e) pseudo-spherical structure having both shell and nanoislands 

 

[a] [b] 

[c] [d] [e] 
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Figure 1.3: (a) Homoepitaxial growth of MnxNi1-xO shell Mn3O4 islands over NiO core (b) 

heteroepitaxial growth of both MnxNi1-xO shell and Mn3O4 islands over NiO core. 

 

 

Bimagnetic heterostructured materials refer to the combination of either a hard/soft or 

soft/hard magnetic materials system. They are particularly investigated because of their complex 

structure that can provide controllable magnetic properties. The system having hard magnetic 

material as the core surrounded by the soft material is called normal core-shell structure while 

the reverse is called inverted core-shell structure. There can be multiple layers of shells such as 

shell-core-shell or core-shell-shell for bimagnetic structure. The combination of soft/hard and 

hard/soft nanomaterials connected by direct interfaces in a bimagnetic system can introduce large 

exchange bias, tunable blocking temperature, high susceptibility and excellent coercivity [19]–

[21].  The magnetic properties of soft magnetic layers are highly influenced by the hard magnetic 

layer in a bimagnetic system. For example, the magnetization distribution in the soft components 

of bimagnetic materials is altered by the magnetostatic hard/soft coupling and changes caused by 

the hard component [22]. But it is still unclear how the stoichiometry gradient, interface 

diffusion, crystalline and surface disorder affect the magnetic response in the bimagnetic 

[a] [b] 
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structure. It has been established that in an AFM/FiM or AFM/FM inverted core/shell type 

structure, it is easier to control the hard AFM magnetic layer because the shell deposits in less 

favorable condition compared to the core [20]. In our present work, we have synthesized NiO 

based magnetic heterostructured nanocrystals (MHNCs) with NiO as the core and manganese 

oxide as the coating and/or depositing layer in any other form such as nanoislands. As both NiO 

and MnO is a hard AFM type material and various oxides of manganese (Mn3O4, MnxNi1-xO, 

MnOOH) are soft magnetic material, we have referred the system as a bimagnetic heterostructure 

nanocrystal [23], [24]. We have investigated their physical, compositional and magnetic 

properties to understand the interface dependent magnetic properties, interactions with different 

layers and the morphological change with the growth of coating layers. 

MHNCs have been investigated recently for their remarkable properties and potential for 

various applications. There have been a variety of combinations of magnetic heterostructured 

nanocrystals among which ferro-ferrimagnet, ferro-antiferromagnet, ferromagnet-semiconductor, 

ferromagnet-superconductor combinations are the most common ones [6][25]. These 

heterostructures of magnetic materials exhibit highly novel properties that may be useful for 

different sectors of engineering, medical applications, and space research [26][27][28]. Certain 

novel physical properties of MHNCs are due to their remarkable exchange bias (EB), interlayer 

exchange coupling, huge magneto-resistance and spin injection [25]. But most importantly, 

MHNCs have a large surface to volume ratio which makes them unique in comparison to their 

bulk counterparts. Because of this property, new functionality and performance have been 

achieved for MHNCs. As illustrated in Figure 1.4, the MHNCs have striking potentials for use in 

drug delivery, medical diagnosis, recording media, spintronic devices, ferrofluids, pigments and 

hyperthermia [26][29][30]. Krishnendu et. al. have shown that MHNCs can increase vascular 
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circulation lifetime and bioavailability which can result in increased efficacy and lesser dosage 

drugs [31]. MHNCs are also purported to be highly useful for targeted drug delivery systems and 

monitoring of drug release.  The optical properties of MHNCs are particularly useful for 

diagnostic purposes as well as for imaging by the creation of organic dyes [31]. The MHNCs are 

also used in MRI contrast agents in place of conventional gadolinium-based contrast agents, 

magnetic RAM of insulator spintronic and GMR read heads in large capacity hard disk drives 

[31]. Akash et. al. have stated that MHNCs have benefits for use in spintronic devices, including 

miniaturization, nonvolatile memory, increased data processing speed and decreased power 

consumption [32].  MHNCs are particularly useful as they have fast switching times between 

spin states, which is important for miniature sized spintronic devices.  

NiO has been investigated intensively for it’s tunable structural, electrical and magnetic 

properties.  Bulk NiO has a cubic (NaCl-type) rocksalt structure (Figure 1.5) at room temperature 

with a lattice parameter of 0.4177 nm and a wide band-gap ranging from 3.6 to 4.0 eV [33]. 

Nickel oxide is a strongly correlated material that exhibits insulating character and 

antiferromagnetic (AFM) order persisting at rather high temperatures; the Néel temperature of 

NiO is TN = 523 K [33].  Magnetic properties of NiO nanoparticles are different from that of 

bulk NiO as they exhibit superparamagnetism and occasionally weak ferromagnetism: the latter 

property may be observed in very small nanostructures (< 5 nm) owing to the very large surface-

to-volume ratio [34]. The superparamagnetism is due to the uncompensated spins present in the 

lattice structure occurring predominantly at the surface of the nanoparticles. The uncompensated 

spins can be highly useful in device applications due to their being pinned by the spins of any 

other ferromagnetic or ferrimagnetic materials. Thus the introduction of Ni2+ vacancies or 
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Figure 1.4: Applications of magnetic heterostructured nanocrystals in different sectors (a) drug 

delivery [6] (b) magnetic random access memory device [7] (c) read head in hard disk drive [35] 

 

doping with other cations such as Fe2+, Co2+, or Mn2+ induces significant magnetic and electrical 

property change in NiO based heterostructured materials. Another explanation to this magnetism 

is - NiO has two non-local components of spin configurations because of the interaction between 

its nearest neighbors and next-nearest neighbors [36][37][38]. Both of the interactions are direct 

and strong which makes the ground state of NiO. If any of the Ni atoms are substituted by Mn, 

there will be a significant change in the spin orientation which might result in high magnetic 

properties. MnxNi1-xO is formed when Ni atoms are substituted for Mn atoms. Previous studies 

have shown that MnxNi1-xO also has the rocksalt type structure like NiO and has the same space 

[a] [b] 
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group of Fm3̅m [23]. That means crystal symmetry will be maintained if a MnxNi1-xO shell layer 

is grown over a NiO nanoparticle core. On the other hand, Mn3O4 (also called hausmannite) has 

a spinel structure with the space group I41/amd. Mn3O4 has both Mn2+ and Mn3+ ions occupying 

tetrahedral and octahedral sites, respectively, as shown in Figure 1.5 [39]. Mn2+ and Mn3+ ions 

that substitute for the Ni2+ ions have either larger (for the divalent state) or nearly the same (for 

the trivalent state) ionic radii of the ions (Ni2+ = 0.72 A, Mn2+ = 0.80 A, Mn3+ = 0.72 A). Thus, 

for Mn2+ substitution, a lattice expansion is expected for the rocksalt phase and, in the case of 

epitaxial growth, the NiO and MnxNi1-xO structures are not expected to match. In this case, 

crystal defects such as roughness, vacancy, lattice mismatch are expected along with the 

interface of these two phases. 

        

Figure 1.5: (a) NiO rocksalt structure (b) Mn3O4 spinel structure [39] 

 

As stated earlier, bimagnetic heterostructured materials containing the AFM phase can 

introduce significantly large exchange bias. Since the invention of the exchange bias effect in 

1956 by Meiklejohn and Bean of General Electric, this has been a breakthrough in the field of 

magnetism and device fabrication [40]. Much research effort over the years since the work of 

[a] [b] 



9 
 

Meiklejohn and Bean has gone into exploiting the exchange bias effect to make novel magnetic 

devices. The exchange bias (EB) is the most prominent example of coupling between different 

layers of ferro/ferrimagnetic and antiferromagnetic materials in a heterostructured system. It 

originates from the interfacial coupling effects between the surfaces of FM or FiM and AFM 

material due to uncompensated spins. It involves the pinning of the uncompensated spins of the 

FM or FiM layer along the same direction of the AFM layer, which typically controls the 

exchange bias. Although the net magnetization is due to the FM or FiM layer, the nature and 

strength of the EB are dictated by the properties of the AFM layer and the extent of the pinning 

of the spins in the interfacial region. The exchange bias field (HE) is measured by the shift of the 

hysteresis loop in any direction (either positive or negative) with respect to the applied magnetic 

field. 

 

Figure 1.6: (a) A depiction of a typical M-H loop of ferromagnetic material and associated spin 

orientation (b) an M-H loop of combined FM-AFM bilayer and associated spin arrangement 

without the exchange bias, and (c) the same as in (b) but with the exchange bias in the FM-AFM 

bilayer at T<TN 

[a] [b] [c] 
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An easy axis in magnetism is the crystal direction in a system along which a small 

applied magnetic field is sufficient to reach the saturation magnetization (example: Ni has an 

<111> easy axis). Ferromagnetic materials have two equally favorable easy axes having the 

same energy. It is essential to provide the same amount of external field to rotate the 

magnetization of ferromagnetic materials from one easy direction to another by 180 degrees. 

That is why ferromagnetic materials show symmetry (magnetization, M vs magnetic field, H 

hysteresis loop) when there is no external applied field (Figure 1.6a). When the FM is joined 

with the AFM layer by a direct interface, the exchange coupling between them increases the 

coercivity of the total system (Figure 1.6b). The symmetry along the magnetic field remains the 

same for the total FM/AFM system. The spins in AFM are randomly distributed like in Figure 

1.6(c). Upon the application of some externally applied field and at a temperature below the Néel 

temperature (TN) of the AFM layer, the hysteresis loop will shift along the magnetic field 

direction. Here, TC is the Curie temperature of the ferromagnetic layer. This shift along the 

magnetic field is defined as the exchange bias and direction of the shift reflects the fact that there 

is preferred magnetization direction for the FM layer now.   

There are a couple of models to explain the basics of exchange bias. Some common 

models for exchange bias effects are the Stoner-Wohlfarth Model, the Meiklejohn, and Bean 

model, the Spin Glass (SG) model, the Random Field model (RF) of Malozemoff and the 

Domain State (DS) model [40]–[45]. Different models have been postulated over the years based 

on the numerical calculations and analytical expressions. These models have advantages over 

one another; for example, the Stoner-Wohlfarth model can explain the exchange bias effect for a 

large fraction of experimental data while it lacks the integrity to explain the coherent 

magnetization reversal [41]. The Meiklejohn model is one of the earliest models to explain the 
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magnetization reversal between FM and AFM spins and the effect of the interface on the 

coercivity [40], [42]. But one of the most ideal and recent models for exchange bias is the Spin 

Glass model which explains almost every aspect of the effect. The SG models consider the direct 

interface between FM and AFM phases and can explain the dependence of coercivity and 

exchange bias on the interface [43]. The SG model is also successful in explaining the effect of 

coating layer thickness on the coercivity and remanent magnetization behavior. Figure 1.7 

depicts the ideal model (SG model) of the exchange bias effect. 

 

Figure 1.7: A schematic diagram showing an FM/AFM bimagnetic structure and the mechanism 

of exchange bias effects at a temperature below the Néel temperature (TN) of the AFM layer [TC 

= Curie temperature, HE = exchange bias]. (a) The spin arrangements at a temperature above TC 

but below TN, (b) the associated spin arrangements with respect to the points indicated on the M-

H loop. 

 

 As stated above, there is a direct interface between the FM/AFM layer considered in the 

model depicted in Figure 1.7 and the temperature (T) of the system should be below the Néel 

temperature (TN) of the AFM layer. The SG model also demands that the Curie temperature (TC) 

of the FM layer is higher than the Néel temperature of the AFM layer. As can be seen from 

[a] [b] 
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Figure 1.7(a), without an external magnetic field, the spins of the AFM layers are arranged 

randomly (case 1) and the M-H loop of the system is centered around the zero axes. After 

applying the field cooling procedure, the system temperature is fixed to a certain value below TN 

and a sufficient amount of external magnetic field is applied to saturate the ferromagnetic layer. 

Figure 1.7(b) illustrates various states of the spin arrangement at different points of the M-H 

loop. At the saturated point, the spins of the first AFM layer are aligned in a parallel direction 

(case 2) due to the exchange interaction at the interface. The spins in the next layer of AFM are 

then aligned antiparallel to maintain the antiferromagnetism.  Both the FM and the AFM remain 

in a single domain state and it will continue even the magnetization is reversed. The spins of 

AFM are uncompensated and because of it, the coercivity and magnetization value of the system 

will be increased. Once the magnetization reversal has been started, the FM spins will try to align 

in the opposite direction (case 3). But since it is pinned by the AFM layer, it will need a larger 

force and higher external field to get this accomplished. As a result, the coercivity of the system 

will become even higher than in the previous case. On the other hand, when the magnetization 

field is reversed from the negative (case 4) to a positive value, the FM layer will not require the 

same amount of external field to actuate a torque. Rather, the external field for this case (case 5) 

will be lower as a torque is acting over the FM layer from all angles except the stable field 

cooling direction. Because of this energetically favorable case, the magnetization curve will shift 

to the negative values of the applied field which is termed as the exchange bias of the system. 

From this ideal model, it can be concluded that there are a couple of variables that control the 

exchange bias and coercivity. Some important variables are the temperature, nature, and 

thickness of the interfaces, the sequence of building blocks, size and shape of the final 

nanomaterial and training effect. Since MHNCs have different building blocks with different 
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sizes and therefore different interface types with different thicknesses, the exchange bias of the 

MHNCs can be very much unpredictable. One of the main objectives of our present study on 

NiO based MHNCs will be the investigation of the exchange bias, coercivity and other 

magnetization data with respect to the physical parameters. 

The synthesis of MHNCs can vary based on the final structure and properties expected 

from the structure. There are several synthesis techniques for successfully growing 1D, 2D and 

3D type heterostructures, including electrospinning, wet chemical method, sol-gel technique, 

microwave-assisted deposition or thermal decomposition, chemical vapor deposition and spray 

pyrolysis [7], [46]. Some of the wet chemical methods include one or two-stage hydrothermal 

methods or solvothermal, coprecipitation, and solution combustion methods. Hydrothermal 

methods are comparatively cheaper, environmentally friendly, easier to control and can be 

associated with other processes like microwave, electrochemistry, optical radiation and many 

more. This method involves the growth of the nanomaterials in aqueous solutions and water at 

ambient conditions such as low temperatures. Because of the water as the solvent, it is easier to 

control the growth of nanocrystals by controlling the temperature and pressure. The nanocrystals 

synthesized in our lab involved a two-step process. The first step is the thermal decomposition 

and the second step is the hydrothermal process. The details of the steps are explained in Chapter 

2. Figure 1.8 depicts the steps involved in the synthesis process. Eight different MHNCs were 

produced (labeled as B1-B8) from nearly identical batches of NiO nanoparticles whereby all the 

parameters were held constant except the pH value of the reacting medium. 

Two types of reactions may occur to the ions and the NiO precursor nanoparticles present 

in the hydrothermal solution due to water-based products depending on the pH of the solution – 

protonation and deprotonation. This happens because of the adsorption-desorption processes 
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occurring on the metal oxide (i.e., NiO) surfaces. Protonation refers to proton addition or 

deprotonation refers to the removal of a proton from the surface or an ion. In reality, the ionic 

form in aqueous solutions is better described as an ion complex having H2O, OH‒, etc., ligands. 

During the protonation and deprotonation reaction, the mass, charge and chemical properties of 

the elements can change. Nanoparticles are prone to protonation and deprotonation in aqueous 

solutions. As an example, transition metal oxide (in this case NiO) nanoparticles react readily 

 

Figure 1.8: An illustration showing the complete synthesis process of the NiO based Magnetic 

Heterostructured Nanocrystals (MHNCs) 

 

with the OH‒ ion forming the surface-bound >NiOH‒ ions (the > symbol here represents Ni-O 

bonds at the surface of the NiO nanoparticle). Depending on the pH of the solution, >NiOH‒ can 

be further protonated or deprotonated. If the solution is acidic (low pH), >NiOH‒ will be 

protonated and if the solution is basic (high pH), deprotonation will be predominant. If there are 

other metallic ions present in the aqueous solution (Mn2+ or Mn3+), they will tend to diffuse 
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through the layers (i.e. bound sheaths)  of water molecules surrounding the nanoparticle by 

adsorption process to form an inner or outer-sphere complex. Figure 1.9(a) explains the process 

of the adsorption of metallic ions over a nanoparticle. As the adsorption of metallic ions changes 

due to pH, the shape of the final structure, thickness, and type of the adsorption material can 

change with the pH also. Hence, pH becomes a contributing factor in controlling the morphology 

as well as the physical properties of the grown nanocrystal. Figure 1.9(b) illustrates the effect of 

pH on the metallic ions present in aqueous solution. 

 

Figure 1.9: (a) An illustration depicting metallic ion adsorption in aqueous solution. (b) An 

illustration showing the effect of pH on the metallic ions present in an aqueous solution: (i) at 

low pH the surface is positively charged, (ii) at medium pH the surface is neutral, (iii) at higher 

pH the surface is negatively charged, 

 

[a] 

[b] 
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Previous studies in our lab showed that the NiO based core-shell nanoparticles (CSNPs) 

exhibit excellent coercivity or exchange bias [47][48]. However, it is not clear how the 

morphology is dependent on the process parameter such as pH of the synthesis medium. It is also 

unclear how the coating layer deposits over the NiO nanoparticles as a shell or nanoislands or 

both with respect to different pH. I hypothesize that the pH can change the shape, size, and 

thickness of the coating layer and because of that, the interaction between the interfaces can 

affect the exchange bias and coercivity. The purpose of this study is to understand how the 

heterostructured nanocrystals grow depending on the pH value of the solution medium during 

synthesis. Also, this study aims to understand the effect of the pH on the morphological, 

structural and magnetic properties of the grown heterostructured nanocrystals. In Chapter 2, the 

magnetic properties of the MHNCs, more specifically the changes in the coercivity, exchange 

bias, magnetic anisotropic energy, remanent magnetization and various ordering temperatures 

(blocking temperature, transition temperature etc.) with respect to different synthesis pH values, 

will be discussed. In Chapter 3, the focus will be on the morphological and compositional change 

of the MHNCs at various pH level by analysis of the XRD, TEM and XPS data.  
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CHAPTER 2: THE MAGNETIC PROPERTIES OF BIMAGNETIC 

HETEROSTRUCTURED NANOCRYSTALS HAVING A NiO CORE WITH MNXNI1-XO 

SHELL AND/OR MN3O4 ISLANDS AND SYNTHESIZED UNDER VARYING pH 

CONDITIONS 

 

Abstract 

Bimagnetic heterostructured nanocrystals having an antiferromagnetic NiO core with a 

ferrimagnetic MnxNi1-xO shell and/or ferrimagnetic Mn3O4 islands have been synthesized in our 

lab under varying aqueous solution pH conditions. The two-step synthesis process first involves 

the growth of NiO nanoparticles, followed by the growth of the MnxNi1-xO and/or Mn3O4 

nanophase over the NiO core using our hydrothermal method. The hydrothermal process 

involves protonation and deprotonation reactions occurring at the nanoparticle surface that vary 

in extent depending upon the pH, which may in turn directly affect the nature of deposition of the 

Mn-bearing nanophase on the surface of the NiO core. Our XRD analysis of a series of the 

heterostructured nanocrystals synthesized at pH values ranging from 2.4 – 7, suggests that there 

is a significant change in crystallite size with the adsorption and doping of Mn in terms of Mn3O4 

islands and MnxNi1-xO coating. The magnetic properties, particularly the magnetic coercivity and 

exchange bias, are found to vary systematically with the pH of the synthesis conditions used to 

prepare the heterostructured nanocrystals. The magnetization measured as a function of 

temperature, in addition to the hysteresis loop data, support formation of NiO/MnxNi1-xO core-

shell structures at the lowest pH, mixed NiO/MnxNi1-xO core-shell and NiO/Mn3O4 core-island 

structures for  2.4 < pH <4.5, and predominantly NiO/Mn3O4 core-island structures for pH > 4.5.  
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Introduction 

Bimagnetic multi-component nanoparticles, either in core-shell, decorated or more 

complex topology and having antiferromagnetic and ferro/ferrimagnetic components, have been 

the subject of intense investigation due to their tunable magnetic properties. These magnetic 

heterostructured nanocrystals (MHNCs) have the potential for use in modern-day spintronic 

devices, magnetic random access memory (MRAM) devices, drug delivery, ferrofluids, 

pigments, and hyperthermia [1][2][3][4]. The MHNCs are also used in MRI contrast agents in 

place of conventional gadolinium-based contrast agents, GMR read heads in large capacity hard 

disk drives whereas their optical properties have been exploited for diagnostic purposes and 

making organic dyes [5]. Multiple benefits of antiferromagnetic based MHNCs such as 

nonvolatile memories, increased data processing speed, size miniaturization, and decreased 

power consumption have made them particularly suitable for spintronic devices [6][7][8]. 

Transition metal oxides, such as CoO, Cr2O3, MnO, and NiO, have been widely used as the 

antiferromagnetic component because they enable the tunability of the magnetic properties of 

MHNCs, including the fast switching times between spin states, weak interparticle relations and 

in overcoming the superparamagnetic limit [9][10]. 

NiO is antiferromagnetic (AFM) at room temperature having a rocksalt structure. The use 

of an AFM component in MHNCs is particularly advantageous because it enables the tunability 

of their magnetic properties. The exchange bias effect is vital for enabling the manipulation of 

the magnetic properties of MHNCs. The interface exchange coupling that drives the exchange 

bias of AFM/FM or AFM/FiM heterostructured nanocrystal systems can be manipulated to 

control the magnetic coercivity, spin-state switching times, and superparamagnetic blocking 

temperature. High magnetic anisotropy energy is inherent in systems with sizable magnetic 
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properties. The FiM layer spins are pinned towards the direction of the AFM layer raising the 

magnetic anisotropy of the system through interface exchange coupling [3][11][12]. Since 

magnetic anisotropy is highly dependent on the crystalline structure, shape, interface quality and 

composition [13][14][15], pH of aqueous solutions in hydrothermal synthesis can be an 

important factor for achieving high magnetic anisotropic energy. For example, for small and 

faceted nanostructures, the magnetic anisotropic energy can be high as there are more spin 

clusters than spherical and big nanoparticles [14]. 

Initial work in our laboratory has demonstrated that significant coercivity and exchange 

bias fields are obtainable for NiO-MnxNi1-xO-Mn3O4 MHNCs at low temperatures (5K) and 

reasonable values are possible at room temperature [16]. However, it is not clear from this work 

how the coercivity and exchange bias is controlled by the size and morphology of the 

nanoparticles and by the pH of the aqueous solution used in the hydrothermal synthesis portion 

of sample preparation. Proton binding on the surface of metallic oxide nanoparticles (NP) in 

aqueous solutions, which is also referred to as protonation, is controlled in large measure by the 

solution pH [17][18]. The OH− ion in the aqueous solutions are very reactive in presence of an 

oxide nanoparticle and react with the metallic part of the NPs via hydroxylation reaction forming 

>MOH units, where M is the metallic ion and (>) represents the bonds to the lower atomic layer 

[19][20]. For NiO nanoparticles, the >NiOH unit that forms by hydroxylation reaction gets 

protonated (>NiOH+H+ → >NiOH2
+) or deprotonated (>NiOH → >NiO‒ + H+) depending on the 

pH of the aqueous medium. On the other hand, aqueous metal ions or cations (in this case Mn2+) 

diffuse through layers of water molecules surrounding an NP and undergo reactions to form 

either an inner-sphere complex via chemical bond (>NiOH + Mn2+ → >NiMnO + H+), outer-

sphere complex via ion pair (>NiOH + Mn2+ → >NiO‒–Mn2+ + H+), or be in the diffuse swarm 



20 
 

of the double-layer [20]. As the Mn2+ ion has to compete with H+ ions present in the solution, 

solution pH becomes a determining factor for the adsorption of Mn2+ ions over the NP surface. If 

the pH of the solution is higher, deprotonation of the metallic oxide will be higher resulting in 

more sites available for the adsorption of Mn2+ ions, hence larger coating thickness. In lieu of our 

general understanding of these principles, the effect of pH on the size and shape of nanoparticles 

in hydrothermal synthesis has been successfully interpreted by others [21][22][23][24]. Our 

objective in this work is to understand how the pH is affecting the adsorption during 

hydrothermal synthesis and how the pH is changing the morphology as well as the magnetic 

properties of the MHNCs. The synthesis procedures used to prepare a series of NiO nanoparticle 

coated with a MnxNi1-xO shell and Mn3O4 decorated islands at pH values ranging from 2.4 – 7 

are presented here. Besides, we discuss the characterization of the structural, morphological and 

magnetic properties of our NiO- MnxNi1-xO- Mn3O4 MHNCs.  

 

Figure 2.1: (a) Adsorption of Mn2+ ions over NiO core in aqueous solution (b) Pseudo-spherical 

nanostructure with no spin cluster (top) and faceted nanostructure with spin cluster (bottom), and 

(c) Spin-spin interaction at the interface of an AFM-FiM layer. 

 

Experimental Methods 

The MHNCs were synthesized using a two-step process. The first step follows the 

procedure described by El Kemary et. al. [25] and involves the thermal decomposition of 

[a] [b] [c] 



21 
 

Ni(OH)2 to produce the NiO precursor. First, 0.11 M of NiCl2.6H2O was dissolved in absolute 

ethanol and then added to NaOH and N2H4.H2O to that solution. The ratio between NiCl2.6H2O, 

N2H4.H2O, and NaOH was maintained at 1:5:10. The solution was then stirred using a magnetic 

stirrer and put in an oven under an open atmosphere for 2 hours at 600oC to dry and activate 

thermal decomposition. The resulting powder containing NiO was washed with deionized (DI) 

water and then centrifuged to get rid of excess water and residue. 

Next, our hydrothermal nanophase epitaxy process described previously [8][26][27] was 

used to grow the Mn-bearing oxide phases over the NiO core. First, MnCl2.3H2O was added to 

deionized water after the water was purged with N2 for 15-20 minutes at a temperature of 70-

80oC. The pH of the solution was adjusted by adding drops of HCl or NaOH. Next, 0.33g of NiO 

nanoparticles were added to a 0.5 M MnCl2.3H2O aqueous solution.  After adding NiO 

nanoparticles to the MnCl2 solution, the mixture was stirred for 25-30 minutes and then placed in 

an autoclave. The autoclave was kept in a furnace for 22.5 hrs at a temperature of 200oC for 

hydrothermal treatment. Once the hydrothermal synthesis was complete, the product was rinsed 

using DI water, centrifuged and then dried at a temperature of ~50oC. Table 2.1 lists the samples 

that were prepared using the methodology described above, at various pH values of the solution. 

XRD analysis of all the samples was made using a Bruker D8 Discover diffractometer 

using Cu Kα X-ray source with a wavelength of λ = 1.54184Å. The diffractometer was operated 

at 40kV and 40mA with a 0.6mm slit on the incident x-ray beam. All XRD patterns were refined 

using TOPAS software via the Rietveld method. The SEM analysis was made using an FEI-

Quanta 200 instrument operated at 20kV. The samples were prepared by first carbon coating and 

then placing them on copper tape for SEM analysis. TEM samples were made via probe 

sonication machine in aqueous solution using hexane. After sonication, the samples were dried 
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for 1-2 minutes and dispersed on a Lacey 300 Cu grid. Magnetic data were measured using a 

Quantum Design Physical Property Measurement System (PPMS). For the magnetization vs 

temperature data, both field-cooled (FC) and zero-field-cooled (ZFC) measurements, the samples 

were first cooled to 5 K from room temperature, in a field of 100 Oe for the FC curve, and the 

magnetization data was collected in a 100 Oe external field. Both the FC and ZFC hysteresis 

curves were measured from -18000 Oe to 18000 Oe at different intervals and at 5 K. The sample 

was cooled in a field of 100 Oe for the FC M vs H hysteresis measurements. 

Table 2.1: List of samples synthesized at various solution pH 

Sample B1 B2 B3 B4 B5 B6 B7 B8 

pH 2.39 2.98 3.52 4.02 4.48 5.03 6.02 7.03 

size (nm) 29.34 29.69 28.74 29.24 25.03 27.74 25.53 24.89 

 

Results and Discussion 

In Figure 2.2 we show the XRD patterns collected from the samples of this study. 

Rietveld refinement of the patterns shows the presence of three distinct phases in the samples: 

NiO, MnxNi1-xO, and Mn3O4, which is fully consistent with our initial study on this system [16]. 

Both the NiO and MnxNi1-xO phase have a rocksalt structure (Fm3̅m) whereas Mn3O4 has a 

spinel structure with the space group I41/amd [28][29][30]. 

Figure 2.2(a) shows different XRD patterns of the MHNCs samples including one of the 

NiO nanoparticle samples before hydrothermal synthesis. Since NiO and MnxNi1-xO share the 

same structure and space group, their peaks are overlapped with NiO but there is also a slight 

shift. This shift is attributed to the difference in the ionic radii of Ni2+ (0.69 Å) and Mn2+ (0.80 

Å) [31] thus affecting the lattice parameter of the rock salt crystal structure of MnxNi1-xO (a =  
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Figure 2.2: (a) Fitting and Rietveld refinement of the sample B1, B3, B4, B6, and B7;(b-f) 

Sample B1 has no Mn3O4 peaks, B3 and B4 has both Mn3O4 nanoisland and MnxNi1-xO shell 

peaks; B6 and B7 does not show any peak for MnxNi1-xO shell. 

 

4.44 Å for MnO, a ≈ 4.350-4.210 Å for 25-75% Mn doping) with that of NiO (a = 4.17 Å) [32]–

[34]. The largest peak of the I41/amd Mn3O4 structure, (211) at 2θ ≈ 36.2 is visible in all of the 

MHNCs XRD spectra [Figure 2.2(a)]. Mn3O4 has tetrahedral sites that exchange cations ( Mn2+, 

and Mn3+) with NiO, and MnxNi1-xO from their octahedral sites for rearrangement, where there is 

the formation of a rocksalt-spinel joined nano-structure, which will be further elucidated below 

[35][36]. As shown in the XRD spectra, sample B1 has little contribution (3.49%) from MnxNi1-

xO shell regions which increased significantly for sample B3 (22.00%) and at a fair amount for 

sample B4 (7.68%). Other than the MnxNi1-xO shell there is also the Mn3O4 phase present in both 

B3 and B4 spectra which continues to increase up to sample B6 and then drops again at sample 

B7. Surprisingly the MnxNi1-xO shell contribution in sample B6 is zero and that continues for 

sample B7 also. It can be summarized that the lower pH allows more MnxNi1-xO shells while the 

[a] [b

] 

[c] 

[d

] 

[e] [f] 
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upper pH allows more Mn3O4 phases. The associated goodness-of-fit (GOF) and Rwp values 

given in the respective figures affirm the fitting of the peaks. We have used the Scherrer formula 

D = kλ/βcosθ [37] to measure the crystallite size of the samples from the XRD data. Table 2.1 

shows the nanocrystallite size of sample B1 to B8: the size of the NiO nanoparticles prior to 

hydrothermal synthesis is 23.57 nm as determined using the Scherrer formula.  

In Figure 2.3 we show the TEM images and elemental maps taken from sample different 

MHNCs samples. Figure 3(a-d) are low-resolution TEM images depicting the shape of the 

nanoparticles. The majority of the particles seem to be faceted structures whereas some area 

show pseudo-spherical shaped particles. The results are in good comparison with previous 

studies [8][16] which also showed the same type of morphology for core-shell nanoparticles. 

Figure 2.3(a) shows a core-shell type form of sample B1 with no Mn3O4 islands in it while 

sample B3 in Figure 2.3(b) shows the presence of both shell and nanoislands. Figure 2.3(c) 

shows a TEM EDS mapping of sample B6 confirming the presence of Mn in both shell and 

island. Decorated nanoisalnds grown on top of the sample are also seen in sample B6 TEM EDS 

image. But there is no shell region visible in sample B7 shown in another EDS mapping [Figure 

2.3(d)]. Although there is no visible peak of the MnxNi1-xO shell region in XRD data for sample 

B6, we can see a little bit of shell in the TEM image. But the absence of a shell in sample B7 

matches with the data found from XRD spectrum also. 

High-resolution TEM analysis in Figure 2.3(f) reveals the presence of Mn3O4 islands and 

MnxNi1-xO shell regions grown on the NiO core. The structure reorients to accommodate the 

cations among each other and the preferred direction for this reorientation is found as [111]. The 

directions of the planes are found from the FFT image analyzed by Crystbox software [38]. It has 

been established that during the growth of the Mn3O4 nanophases on MnO, four octahedral  
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Figure 2.3: (a) TEM images of sample B1 showing the faceted structure and shell, (b) sample B3 

showing both shell and islands, (c) TEM EDS showing Mn in both shell and islands of sample 

B6, (d) sample B7 showing no shell but Mn3O4 islands; (e) High-resolution TEM image showing 

core-shell interface and lattice mismatch, (f) HRTEM image shows the core, shell, nanoislands 

and the interface between them, (g,h) FFT images of NiO core and respective planes: (i) MnxNi1-

xO shell FFT and (j)  Mn3O4 islands FFT 

 

cation vacancies surrounding a tetrahedral Mn3+ should be observed at the MnO-Mn3O4 interface 

region [36]. These misalignments and vacancies are visible in Figure 2.3(e) and 2.3(f) at the 

core-shell interface. The reason behind this can be attributed to the fact that the structure 

becomes relaxed once the vacancies are created giving every Mn3+ cation impetus to reorient and 

take the position. Also as the ionic radius of Mn3+ are smaller than Mn2+ and the ionic radius of 

Mn2+ is higher than Ni2+, there are some misalignments during the growth of the coating layer. 

These misalignments are also noticeable along the red dotted line in Figure 3(f). This is also seen 

from the Fast Fourier Transforms [FFT] of the NiO, MnxNi1-xO and Mn3O4 regions shown in 

Figure 2.3(g), 2.3(i) and 2.3(j) respectively. The FFT image of Mn3O4 has more planes and plane 

alignments than for either MnxNi1-xO or NiO regions. This confirms the structural change and 

misalignments from the rocksalt to the spinel structure. 

[f] [g] [h] [j] [i] 

[a] [b] [c] [d] [e] 
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The temperature dependence of the FC and ZFC magnetization (M) curves measured as a 

function of temperature (T) of samples B1 to B8 are presented in Figure 2.4. The ZFC curves 

increase from an initial negative magnetization value, reach a peak (or show two peaks) and then 

decrease and generally approach the FC curves at temperatures above ~200 K. There is an 

absence of the bifurcation or irreversibility temperature, where the FC and ZFC curves split from 

each other, in the M-T curves measured from our samples at the applied field of 100 Oe. The 

absence of bifurcation temperature could be due to two reasons: (i) either it is higher than 300K, 

or, (ii) it may be due to the application of too high of the external field in the measurement of the 

M-T curves [39][40]. There are two peak-like features evident in the ZFC curves for samples B2 

and B4 below ~110 K, which coincide respectively with sudden onsets of increasing FC 

magnetization with decreasing temperature. For samples B5 – B8, the peak occurring in the ZFC 

curves above 100 K is absent and only the lower temperature peak remains. The sudden onset of 

the increase in the magnetization in the FC curves, along with the corresponding drop-off in the 

ZFC curve, with decreasing temperature, is characteristic of a Curie transition behavior. The 

Curie temperature of the FiM Mn3O4 nanophase has been identified to occur at ~42K 

[36][41][42]. Thus, we identify the low-temperature peak like feature (TC1), occurring between 

62 to 89 K in the ZFC M-T curve with the freezing of the FiM spins in the Mn3O4 decorating 

islands. Our previous study established that the MnxNi1-xO nanophase of the NiO/MnxNi1-xO 

heterostructured nanoparticles has FiM properties [16]. Accordingly, we attribute the higher 

temperature transition (TC2), occurring in the 103 to 108 K range in the ZFC M-T curve, with the 

freezing of the FiM spins in the MnxNi1-xO shell layer on the MHNCs. The TC1 and TC2 values 

are tabulated for our samples in Table 2.2. Based on this interpretation, samples B2 – B4 possess 

both the MnxNi1-xO shell layer and the decorating Mn3O4 islands whereas samples B5 – B8 have 
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predominantly Mn3O4 islands decorating the NiO nanoparticles. The ZFC M-T curve for sample 

B1 does not exhibit a peak below 100 K: We attribute this to the lack of deposition of the Mn3O4 

nanophase on the MHNCs for the lowest solution pH value (2.39). 

Since our nanoparticles were tightly packed for M-T measurements, meaning that 

interparticle dipolar interactions are present, and have a finite size distribution, we use the -d(FC 

– ZFC)/dT plotted vs temperature (note: FC was measured in the warming mode and is thus 

consistent with this definition) to determine the mean blocking temperature (TB, which we 

simply refer to as TB) for a measurement field of 100 Oe [43]. Some of the additional effects 

which warrant the use of the aforementioned definition for TB include the presence of 

uncompensated spins, AFM vs FiM crystalline anisotropy, spin clusters, and lattice strain 

particularly at the interface between the core and MnxNi1-xO shell and between core and 

decorating Mn3O4 islands. We show the plots of -d(FC – ZFC)/dT vs T, which are used to 

determine the TB values (for samples B1, B3, B5 and B7) in the later part of this section. Table 

2.2 shows the TB values determined for samples B1 to B8. The greater blocking temperature ( 

90 K) for samples B1 – B4 is assigned to the MnxNi1-xO shell whereas the lower blocking 

temperatures (~ 46 K) are assigned to the decorative Mn3O4 islands. The fact that the Néel 

temperature for AFM NiO nanoparticles having a diameter of 20-60 nm exceeds 350 K [44] is 

consistent with the lack of a blocking temperature being attributed to the magnetically soft AFM 

phase in our bimagnetic nanoparticles. We note that ZFC M-T curves decrease and eventually 

become negative below TC2 for samples B1 – B4 or below TC1 for samples B5 – B8, whereas the 

FC curves generally increase in this range. This effect, which was predicted by Néel and verified 

for magnetic materials having two or more sublattices with FiM ordering [45], occurs due to one 

sublattice of the FiM shell/island nanophase progressively overcoming the contribution due to 
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the other FiM sublattice as the temperature is lowered, in the ZFC case. It is not known how 

additional effects due to surface and interface anisotropies, lattice strain, and spin clusters may 

contribute to the FiM sublattice and overall M-T behavior. 

 

Figure 2.4: Magnetization vs temperature curves at field-cooled and zero-field-cooled conditions 

for sample B1 to B8. 

 

Table 2.2: Blocking and bifurcation temperature of different samples 

Sample  B1 B2 B3 B4 B5 B6 B7 B8 

Transition Temp. (K) 
TC1 -- 62 63 65 74 50 74 89 

TC2 108 105 103 104 -- -- -- -- 

Blocking Temp. (K) TB 90 103 100 102 45 46 45 46 

 

Low temperature (5K) magnetization, M vs magnetic field, H hysteresis data (M-H 

loops), for both the FC and ZFC conditions, are presented in Figure 2.5. The coercivity (HC), 

remanent magnetization (MR), saturation magnetization (MS) and exchange bias field (HE) values 
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derived from the hysteresis data for the samples of this study are shown in Table 2.3. The 

exchange bias values were calculated using the coercivity value for ZFC and FC values and the 

following formula: HE = | HC+ - HC- |/2. The saturation magnetization was determined by 

extrapolating values from the M vs 1/H graph. Figure 2.5 indicates that the low-temperature M-H 

loops change significantly with increasing pH values from sample B1 to B8. The hysteresis loops 

exhibit the standard letter “S” shape for samples B1 – B4 and oval-tilted-like appearance for 

samples B5 – B8. The hysteresis loops for samples B5 – B8 has more of a linear trend with 

particularly large coercivities for samples B6 and B7. Our M-T results are consistent with B6 

having the highest coercivity and exchange bias and B8 having the highest saturation 

magnetization value. 

 

Figure 2.5: Magnetization (M) vs magnetic field (H) curves for sample B1 to B8  

 

As was alluded to above, both the MnxNi1-xO and Mn3O4 nanophases covering the NiO 

core of our MHNCs have FiM properties. Thus, the trend exhibited by the shape of the hysteresis 

loops in Figure 2.5 can be explained by domain-size effects attributed to the MnxNi1-xO and 

Mn3O4 FiM nanophases, where the mean size of the domain appears to be controlled by the value 
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of pH used during the synthesis of our MHNCs. At lower pH values up to ~4, the M-H loops 

show similar “S” shape characteristics, indicating the existence of multiple domains, whereas 

with increasing pH (from ~ 4 to ~7) the overall linear-oval shape is consistent with the 

predominance of single domain FiM nanophases [46][47]. It needs to be emphasized that the 

change of overall domain size is gradual from sample B1 to B8 with multiple sized domains 

being present in between. For example, the hysteresis loop measured from sample B4 in Figure 

2.6(b) can be attributed to pseudo-single FiM domains in the specimen. The hysteresis data 

measured from the pseudo-single domain FiM phase typically has a mixture of single-domain 

(SD) attributes, namely high remanence, and multiple-domain (MD) features, particularly low 

coercivity [46]. Sample B6 has the highest coercivity (~ 5.9 kOe; see Table 2.3) indicating that 

this MHNC specimen has the largest SD domain structure, which is consistent with the B6 

having the largest FiM nanophase grain size. Samples B7 and B8 still maintain an SD FiM 

structure but their hysteresis data are consistent with these specimens having smaller FiM grain 

sizes [46][48]. For the same reasons outlined just above, the remanent magnetization is also the 

largest for sample B6 within the sample B5 to B8 group (see Table 2.3). The shape of the 

hysteresis loop of sample B1 (pH 2.39) is consistent with the MHNCs having a relatively large 

AFM core and considerably smaller-sized shell regions [49]. The lowest values of coercivity, 

exchange bias and remanent magnetization for sample B1 among the set of samples are 

consistent with this. Furthermore, the trend exhibited in Table 2.3, particularly for the coercivity 

and the exchange bias, indicates that as the pH value of the initial aqueous solution is lowered, 

the adsorption of Mn2+ ions is hindered and, hence, there is less deposition of the FiM nanophase 

(MnxNi1-xO and Mn3O4) onto the surfaces of NiO nanocrystals. Conversely, as the pH value is 

increased, greater deposition of the FiM nanophases is achieved until a value of ~ 4.5 (for sample 
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B5), at which point we obtain a predominance of the decorating Mn3O4 islands deposited on the 

NiO nanocrystals. Beyond this value in pH (~4.5), the deposition of the Mn3O4 nanophase is 

maximal, as gauged by grain size, for pH of ~5 and then declines with increasing pH beyond this 

value. This is confirmed in a plot of the coercivity and exchange bias vs pH, both of which are 

seen to peak for a pH value of ~5, as shown in Figure 2.7. As alluded to above, the reduction of 

the coercivity and exchange bias values for samples B7 and B8, relative to those of B6, as pH is 

increased beyond ~5 can be attributed to the overall reduction in size of the decorating Mn3O4 

islands. The shape of the M-H loop and lower coercivity vs very high MS values for sample B8 is 

strongly consistent with Mn3O4 as a highly predominant SD FiM nanophase component of the  

Table 2.3: Magnetic data from M-H loop analysis 

Sample B1 B2 B3 B4 B5 B6 B7 B8 

Saturation 

Magnetization, 

MS (emu/g) 

0.55 1.32 1.67 0.91 1.88 0.99 0.93 4.37 

Remanent 

magnetization, 

MR (emu/g) 
0.08 0.29 0.26 0.22 0.18 0.37 0.22 0.26 

Coercivity, 

HC (Oe) 511.3 934.3 826.0 1530.0 2350.7 5860.4 4122.9 1011.5 

Exchange Bias 

HE, (Oe) 
165.5 620.8 602.0 1670.9 2199.9 2952.5 1444.6 833.1 

Keff (J/m3) 

 
0.02 

x104 
-- -- -- 

0.33 

x104 

0.43 

x104 

0.29 

x104 

0.33 

x104 
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MHNCs. We note that the nature of the nanophase, i.e., MnxNi1-xO vs Mn3O4, has a 

determinative factor on MD vs SD formation in relation to its physical grain size: The MnxNi1-xO 

phase appears to favor formation of MD whereas the Mn3O4 phase appears to favor SD formation 

for similar sized grains. 

Because of the relatively well-ordered, generally epitaxial nature of the core-shell/island 

interface of our MHNCs, there is prominent AFM-FiM coupling and a strong pinning effect at 

the interface. This pinning effect plays a pivotal role in increasing the magnetocrystalline 

anisotropy and exchange bias in MHNCs [46][50]. Another important factor of increased pH is 

the surface anisotropy due to the shape of crystallites. From the TEM images, it is clear that the 

crystallites have a faceted and pseudo-spherical shape. The faceted structure has more surface 

anisotropy than pseudo-spherical or spherical structure because of broken symmetry, strain or 

defects [51][52][53]. Also, faceted nanocrystallites are expected to have more spin clusters than 

spherically shaped ones (Figure 2.1). As pH increases and adsorption changes, preferential 

growth of the FiM nanophase coating layer over faceted planes generally enhances surface and 

magnetocrystalline anisotropies. From the HRTEM analysis and XRD data, it is clear that there 

are misalignments at the interface of the structure along with vacancies. These misalignments 

and vacancies increase stress and surface anisotropies. All these factors contribute to the change 

of saturation and remanent magnetization from sample B1 to B8.  

In this section, we examine the nature of the shift between the FC and ZFC hysteresis 

loops of our MHNCs in more detail. The FC hysteresis loops shown in Figure 2.6 are shifted 

along the negative H axis (HE) orientation and along with the positive M axis orientation when 

compared to the ZFC curves, indicating strong exchange bias fields for our HMNC samples. 

Furthermore, whereas the HE values are seen to change with pH value used to synthesize the 
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Figure 2.6: Exchange bias and magnetization vs magnetic field curves for 5K at filled cooled and 

zero filled cooled condition of (a) sample B2 (b) sample B4 (c) sample B6 and (d) sample B8. 

 

samples as discussed above, the shift of the FC vs ZFC M-H loops along the M axis (i.e. vertical 

shift) is generally consistent for all samples. Zheng et al. [54] and He et al. [55] have attributed 

such vertical shifts in the FC M-H loops of Fe/Fe2O3 and Ni/NiO core-shell nanoparticles, 

respectively, to frozen spins at the surface of the AFM metal oxide layer. The larger M values 

result for the loop measured in the positive field direction because this coincides with the FC 

field orientation and the orientation of the frozen surface spins, which cannot be flipped when the 

H field is reversed in the opposite direction, resulting in lower M values. Similarly, we attribute 

the vertical shift of the FC M-H loops measured from our samples to the frozen Ni spins at the 

surface and/or interface of the NiO AFM core of our MHNCs. The nearly uniform vertical shift 

of the FC M-H loops is consistent with the uniformity in size and morphology of the NiO 

precursor nanoparticles used in the final-step synthesis of our B1 – B8 samples. Furthermore, the 

frozen, spin-glass like spins result from disorder effects at the surface and/or interface of the NiO 

core. The disorder effects were discussed above (i.e., misfit dislocations, vacancies, stacking 

faults, etc.) and are clearly seen in the HRTEM images in Figure 2.3. In addition, the frozen Ni 

spins in the NiO core and the Mn spins from the MnxNi1-xO shell layer or the Mn3O4 islands 

immediately at the interface between the AFM-FiM phases are largely uncompensated in the 

immediate vicinity of misfit dislocations, vacancies, stacking faults, and other defects [56]. Such 
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uncompensated interface spins are deemed to be critical for an exchange bias effect to be present 

in heterostructured nanocrystals. Our M-H loop data measured from our MHNCs are consistent 

with this view. The AFM anisotropy of NiO nanophases is known to be relatively small in 

comparison to that of FiM anisotropy of spinel nanophases [57]. Nevertheless, due to the sizable 

HE values recorded for our samples, likely, the frozen AFM spins also participate in the 

exchange bias effect in our MHNCs. However, to our knowledge, whether the frozen 

uncompensated AFM spins at the interface are excluded from or included in participating in the 

exchange bias of MHNCs is as yet unclear. 

In addition to the spin-spin interactions alluded to above, domain structure, morphology, 

and spin clustering are deemed to be important for the manifestation of the magnetic properties 

of MHNCs. Nanophase Mn3O4 has been purported to have a large overall anisotropy, which 

should have a strong bearing on the magnetic properties of bimagnetic nanoparticles [3]. In our 

MHNCs, Mn3O4 forms as islands over the core and, as shown in our TEM images, contributes to 

nominal roughness, lattice strain, and the formation of vacancies at the core-island interface. 

Also, as alluded to above, the formation of spin clusters is likely on the surface of the Mn3O4 

islands. This is also generally the case for the MnxNi1-xO shell surrounding the NiO core, except 

that much fewer spin clusters are expected to form on the surface of this nanophase. The 

anisotropy of the MnxNi1-xO shell layer is expected to be smaller than that of the Mn3O4 islands 

because of the crystal structure. Mn3O4 is a spinel phase, which is known to have considerable 

anisotropy values, whereas the MnxNi1-xO shell is at best a disordered phase (the Mn spins are 

not arranged among a periodic magnetic lattice) and thus has a lower anisotropy. To estimate the 

effective anisotropy constant (Keff) of the Mn-bearing nanophases, we assume weak particle-

particle dipolar interactions and use the Kneller formula: 𝐻𝐶 =  
2𝐾𝑒𝑓𝑓

𝑀𝑆
(1 − (

𝑇

𝑇𝑩
)1/2) [59][60]. 
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Further assumptions in the use of Kneller’s formula include single domain particles having 

uniaxial anisotropy. As a result, the estimated Keff values should be treated with caution. Table 

2.3 shows our estimates of Keff for samples B1 and B5 – B8; the rest of the samples have both 

the MnxNi1-xO and Mn3O4 nanophase and their magnetic data cannot be used to provide unique, 

single FiM phase anisotropies. The estimated Keff values for the Mn3O4 nanophase (samples B5 – 

B8) range from 0.29 – 0.43 x 104 J/m3 and are seen to be considerably larger than for the MnxNi1-

xO nanophase (sample B1), having a value of 0.02 x 104 J/m3. 

 

Figure 2.7: Coercivity and Exchange Bias of samples B1 to B8 

 

Figure 2.8 represents the susceptibility vs magnetic field (H) data of a few of the samples 

where susceptibility was taken as a derivative of M data vs H. According to Nerio et. al. the 

maxima of these graphs (arrowhead) characterize the magnetization reversal of the phases 

present in the structure [49]. Besides, magnetization reversals are purported to be a good 

indicator of the exchange bias effect in magnetic heterostructures [61][62]. The susceptibility 

data for samples B1 and B2 do not show prominent second maxima whereas the data for the 
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remainder of the samples have at least one additional set of maxima and for samples, B7 and B8, 

have also a set of third maxima. We conjecture that, for consistency with our discussion above, 

the principal maxima (centered at H = 0) coincide with NiO-core-MnxNi1-xO-shell spin-spin 

interactions whereas the second maxima coincide with NiO-core-Mn3O4–island spin-spin 

interactions. This is consistent with the reduction of the first maxima, coinciding with the 

reduction of the MnxNi1-xO shell nanophase, and the general increase of the higher-order 

maxima, coinciding with the emerging predominance of the decorating Mn3O4 islands, with 

increasing pH used to synthesize samples B1 to B8. The third maxima in B7 and B8 may be a 

result of a distinct phase of Mn3O4 whereas the position of second maxima at a lower value than 

B6 indicating smaller exchange bias is in good agreement with previous data.  

 

Figure 2.8: susceptibility vs magnetic field of (a) sample B2 (b) B4 (c) B6 and (d) B8 
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Figure 2.9: Blocking temperature of sample B1 

 

 

Figure 2.10: Blocking temperature of sample B3 
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Figure 2.11: Blocking temperature of sample B5 

 

 

 

 

Figure 2.12: Blocking temperature of sample B7 
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Conclusion 

The size of the magnetic heterostructured nanocrystals is dependent on the pH of the 

synthesis medium as it controls the adsorption of the surrounding material. XRD data reveals 

that at a pH range of 2.5-8, there are two types of coating over AFM NiO core- (i) MnxNi1-xO 

shell with the same rocksalt structure as NiO and (ii) Mn3O4 islands with a spinel structure. Both 

XRD and TEM data show that the MHNCs surrounding layer over NiO nanoparticles varies with 

pH and there is a trend in this variation. Our magnetic data confirms that at higher pH there are 

more Mn3O4 than the MnxNi1-xO and at a certain point MnxNi1-xO shell region ceases to exist. On 

the other hand, at lower pH, the amount of Mn3O4 is noticeably lower than the MnxNi1-xO 

content and they coexist at the middle range of pH values. Again, at higher pH values particles 

tend to form single domains inducing enhanced coercivity, exchange bias, and magnetization 

values. The highest magnetization data was found at a pH of 5.03. 
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CHAPTER 3: XPS ANALYSIS OF MN3O4 AND/OR MNXNI1-X O SURROUNDED NIO 

HETEROSTRUCTURED NANOCRYSTALS AS A FUNCTION OF SYNTHESIS 

MEDIUM pH 

 

Abstract 

Hydrothermal and thermal evaporation method was used to synthesize NiO based 

heterostructured nanocrystals surrounded by Mn3O4 islands and/or MnxNi1-xO shell at different 

pH levels (2.5-7) of the synthesis medium. The surface composition of the nanocrystals was 

examined by x-ray photoelectron spectrometry (XPS) for all the NiO nanoparticles and the 

heterostructured nanocrystals. The auger electron effect data found in the NiO nanoparticle 

samples were employed to interpret the manganese 2p region as both the manganese 2p region 

and Ni auger peak region fall in the same XPS spectra. XPS analysis of all the nanocrystal 

samples yields a trend having a higher amount of Mn3O4 islands at higher pH, a higher amount 

of MnxNi1-xO shell in the lower pH and a mixture of both in between. Our high-resolution TEM 

image and XRD data analysis shows consistency with the XPS results. The nanocrystals 

predominantly show faceted structure where the Mn3O4 islands form perpendicularly over the 

facets whereas the shell region forms in a discontinuous manner surrounding the nanoparticle. It 

has been also found that the pH of the synthesis medium affects the adsorption of Mn2+ and Mn3+ 

ions as well as the morphology of the structure. 

 

Introduction 

The field of nanocrystals owing to the advance of chemistry and materials science has 

been attracting greater attention because of the versatility of their physical and chemical 
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properties. Along with the shape, the discovery of the size and structure dependence of the 

nanocrystals has guided the way for a complex and sophisticated multi-layered, multi-component 

structure known as heterostructured nanocrystals (HNCs) [1]–[3]. The HNCs, bonded by direct 

solid-state chemical heterointerfaces are fabricated to overcome the challenges posed by 

conventional nanoparticles. Controlled synthesis of the nanocrystals has led to the architectural 

control of the shape and adjustable properties which can be manipulated to use in numerous 

applications. For example, the magnetic heterostructured nanocrystals (MHNCs) exhibit unique 

nanoscale magnetic behaviors such as enhanced coercivity, increased saturation magnetization 

and magnetic exchange bias which can be tailored for novel magneto-optical or spintronic 

devices [4]–[6]. The MHNCs have been widely adopted for electronic applications such as FET, 

memory device, solar cell, photovoltaics and lasers [4], [7]. The MHNCs also provide notable 

scopes for biomedical applications because of their optimization of size and controllable 

manipulation by an external magnetic field. One of the noteworthy application of MHNCs in 

nanobiotechnology is the drug delivery followed by the use as an MRI agent, biosensors, 

multimodal imaging, and magnetophoresis experiments [8]–[11]. One of the most fascinating 

branches of MHNCs is the transition metal oxides based magnetic heterostructured nanocrystals 

which show phenomenal magnetic, electric and catalytic properties [12]–[14]. Besides, the 

transition metal oxide-based MHNCs exhibit fast resistance switching phenomena which are 

very much effective for making nonvolatile memory devices [15], [16]. Also, these kinds of 

MHNCs show high Curie temperature, Tc overcoming superparamagnetic limit and a wide range 

of ferromagnetic to paramagnetic behavior [17], [18]. Although NiO is an antiferromagnetic 

rocksalt structured transition material, incorporation of manganese oxides into/over NiO either as 

a coating, doping or distinct layer introduces an enormous change in physical and chemical 
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properties [19]–[22]. It has been seen in our previous study that the magnetic nature of the 

complex heterostructured system of NiO with Mn3O4 islands and/or MnxNi1-xO shell contains 

ferrimagnetism and results in higher coercivity and exchange bias [23], [24]. But it is still 

unclear how much Mn3O4 and/or MnxNi1-xO shell are present in the system at different pH levels 

which are considered to be the source of the ferrimagnetic behavior. Also, the magnetic data 

analysis via PPMS or SQUID does not give tangible data to envisage the effect of pH on the 

structural change of the MHNCs. 

During the hydrothermal synthesis process, Mn2+ and Mn3+ ions are adsorbed over the 

NiO surface competing with the highly reactive OH− ions present in the aqueous solutions. The 

adsorption and growth of the ions over the metallic oxide surface can be controlled via the 

protonation and deprotonation process explained thoroughly in previous literature [25]–[29]. As 

protonation or deprotonation reactions are highly modified by the pH of the aqueous solutions, 

the adsorption rate of the metallic ions becomes dependent on the solution pH. As a result, pH 

can affect the structural composition as well as the shape of the resultant nanocrystals owing to 

the growth of metallic ions in a particular direction [30]–[32]. Eight different samples 

synthesized at a pH range of 2.34 to 7 have been synthesized to understand this effect. The 

nature of the morphological and structural change of Mn3O4 and/or MnxNi1-xO surrounded NiO 

magnetic heterostructured nanocrystals with respect to pH change during the synthesis process 

will be explored in the following discussions. To get fresh insights about these complex issues 

X-ray photoelectron spectrometry (XPS) along with XRD and TEM analysis has been done on 

three NiO nanoparticle samples and eight MHNCs samples.  

According to the National Institute of Standards and Technology (NIST) XPS database, 

the binding energy for 2p 3/2 region for oxides of manganese whether it is MnO, Mn2O3 or 
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Mn3O4 falls between 640.40 eV to 642.80 eV [33]. On the other hand, the Auger electron peaks 

for the Ni 2p region fall between 636.3 eV to 643.10 eV of binding energy. As a result, Ni auger 

peaks merge and suppress the Mn 2p 3/2 peaks and it becomes difficult to identify the later 

peaks. There are not a lot of available discussion on how to identify the Mn 2p 3/2 peaks and 

associated area in this kind of situation. Our approach to overcome this difficulty is to use the Ni 

Auger peaks for NiO nanoparticle samples (which does not have any manganese) and use the 

same data - location of the peaks, full-width half max (FWHM) value and the area ratio between 

multiple peaks into MHNCs XPS fitting. We have also maintained the peak area ratio of 1:2 

between Mn 2p 1/2 and Mn 2p 3/2 peaks to further bolster the fitting for the later one. The 

quantitative analysis of the structural components was calculated following this approach of peak 

fitting. It has been also considered that some Ni-OH bonds occur in the aqueous solution and 

show up in the O 1s region peak. 

 

Experimental 

The NiO nanoparticles (labeled as A1, A2, A4 or A5) were synthesized first via thermal 

decomposition technique suggested by El Kemary et. al. where Ni(OH)2 decomposed into NiO 

powders at 600oC [34]. The Ni(OH)2 powder was formed by the reaction of NiCl2.6H2O, NaOH 

and N2H4.H2O taken at a ratio of 1:5:10. They were added with absolute ethanol solution and 

mixed for about 3hrs using a magnetic stirrer. The molar concentration of the NiCl2.6H2O was 

maintained at 0.11M. After proper mixing of all the constituents, Ni(OH)2 was formed as a 

precipitate at the bottom of the beaker via the following reactions.  

NiCl2.6H2O + 6C2H5OH→ [Ni(C2H5OH)6]Cl2 
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[Ni(C2H5OH)6]Cl2 + mN2H4→ 6C2H5OH + [Ni(N2H4)m]Cl2 

[Ni(N2H4)m]Cl2+2KOH→ mN2H4+Ni(OH)2 

After careful extraction, the Ni(OH)2 powders were placed in an oven at 600oC for 2 

hours where it transformed into NiO powder [ Ni(OH)2→ NiO + H2O]. This NiO powder at an 

amount of 0.33gm was added with 0.5M MnCl2.3H2O to produce the MHNCs by hydrothermal 

process delineated by others [24][35], [36].  But before this addition, the MnCl2.3H2O was taken 

into deionized water that was purged with N2 gas at 65-70oC for 15-20 minutes. Also, the pH of 

the solution of the deionized water and MnCl2.3H2O mixture was measured and altered by using 

HCl or NaOH. After NiO powder addition, the whole mixture was sonicated for 25-30 minutes 

and put in an autoclave which was then placed in an oven at 200oC temperature for 22.5hrs. 

Once the MHNCs were formed in the autoclave, it was then washed thoroughly with DI water 

and dried to get the final samples. Table 3.1 lists all the samples that were synthesized at 

different pH values. 

Table 3.1: List of samples synthesized at various solution pH and the particle size from XRD  

Sample B1 B2 B3 B4 B5 B6 B7 B8 

pH 2.39 2.98 3.52 4.02 4.48 5.03 6.02 7.03 

size (nm) 

from XRD 
29.34 29.69 28.74 29.24 25.03 27.74 25.53 24.89 

 

 

The structure of the MHNCs was characterized by x-ray diffraction (XRD) using Bruker 

D8 Discover diffractometer machine and Cu Kα radiation (λ = 1.54184Å).  The XRD machine 

operates at 40kV and 40mA, has a Gobel mirror and 0.6mm slit mounted in front of the detector. 

The nanoparticle samples were taken over a glass slide and the ethanol that had been used as a 
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solvent was allowed to evaporate before putting the samples into the machine. The samples were 

scanned from 20 to 70o at 2θ range and 0.01o increment with 4 second/step scan speed. The XRD 

patterns were further analyzed by Rietveld refinement using TOPAS software by Bruker. The 

XPS analysis was done using Versa Probe XPS from Physical Electronics with monochromated 

K alpha x-rays from aluminum at 1486 eV. 117.4 eV pass energy was used for survey scans and 

58.7 eV or below pass energy was used for high-resolution scans. The source and analyzer of the 

XPS instrument were calibrated using the Ag 3d5/2 (FWHM=0.36 eV) peak having characteristic 

energy of 368.26 eV. An Alpha 110 hemispherical analyzer (Thermo Scientific) having pass 

energy of 25 eV was used to collect the x-ray photoelectron spectra. High-resolution XPS scan 

were done in 840-890 eV (binding energy) for Ni 2p region, 520-540eV (binding energy) for O 

1s region and 626-660 eV (binding energy) for Ni Auger/ Mn 2p region. XPS data analysis and 

peak fitting were performed using CasaXPS 2.3.16 software and the calibration using a carbon 1s 

peak (284.8 eV) from carbon tape. For quantitative analysis, the software uses corrected Relative 

Sensitivity Factor (RSF) values of 93.683 for Ni2p, 16.732 for O1s, 67.281 for the Mn2p region. 

TEM samples were prepared using hexane as a solvent and a probe sonicator for proper 

dispersion of the nanocrystals. The samples were taken over the carbon lacey grids and the 

hexane was allowed to dry out of the samples. Images and data were collected using a G2 F20 X-

Twin (TECNAI) microscope located at the GeoForschungZentrum, Potsdam, Germany. The 

images were post analyzed by ImageJ software for the region selection, size determination and 

FTIR analysis. 
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Results and discussion 

Bulk Mn3O4 (hausmannite) is a spinel structured material where the octahedral sites are 

occupied by Mn3+ and the tetrahedral sites are occupied by the remaining Mn2+ [37], [38]. On the 

other hand, MnxNi1-xO shell carries the same rocksalt structure as NiO as it originates from MnO 

which has the same crystal structure as NiO [22], [23]. The lattice parameters (a) of NiO and 

MnO are 4.17 Å and 4.44 Å respectively while Mn3O4 has a lattice parameter of a = 5.72 Å and c 

= 9.35 Å [37]–[40]. The ionic radius of Ni2+ and Mn2+ are different from each other in an extent 

of 0.03 Å (Ni2+ = 0.69 Å and Mn2+ = 0.66 Å) [21]. Figure 3.1 (a) depicts the XRD patterns of 

sample A2 (NiO nanoparticle), B1, B4, and B8. There are no Mn3O4 peaks in A2 and B1 which 

are visible in B4 and B8 (red color). In Figure 3.1(b), Rietveld refinement of sample A2 (which 

gives almost the same spectra as B1) and B3 confirm different elements at different pH values as 

well as show the difference from calculated to experimental values. Table 3.1 shows the particle 

size of one of the NiO nanoparticle (A2) and of all HNCs that are obtained using Scherrer 

formula D = kλ/βcosθ [41]. Here D is the particle dimension, K is a constant which is often taken 

as unity, λ is the x-ray wavelength, β is the peak width and θ is the angle between the beam and 

the normal on the reflection plane. The clear trend of decreasing particle size with increasing pH 

values is seen in table 1. Figure 3.1(c) illustrates one of the high-resolution TEM images (B1) 

where the particles are seen to be in faceted shape. Figure 3.1(d) represents the histogram of 

sample B1 delineating the particle size of 30.85 nm which is 29.34 from XRD data.   
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Figure 3.1: (a) XRD peaks of NiO nanoparticle (A2) and of different heterostructured 

nanocrystals: B1 (pH = 2.39), B3 (pH = 3.52), B7 (pH = 6.02); (b) Rietveld refinement of sample 

A2 and B3 (c) high resolution TEM image of sample B1, (d) histogram of the particles yields 

particle size of 30.85 nm. 

 

Due to the structural and ionic size differences, there are some lattice strain and structural 

reorientation at the interface of different layers of the nanocrystals. Figure 3.2(a) identifies one 

such crystal reorientation of NiO and Mn3O4 (111) plane which results in vacancy defects when 

Mn3O4 grows over NiO nanoparticle. This criterion is also visible in high-resolution TEM 

images. Figure 3.2 (bottom) shows a similar case of crystal reorientation plus the vacancy defects 

that are found in the sample B6 MHNC sample at pH = 5.03. A similar case can also occur when 

Mn3O4 builds up on top of the MnxNi1-xO shell layer. Figure 3.2(b-e) also provides insights into 

[a] 

[c] 

[b] 

[d] 
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the structure by analyzing Fourier-transform infrared spectroscopy (FTIR) at different levels of 

the sample. The FTIR analysis confirms the presence of different crystal structures vis-à-vis 

different elements present in the system. The TEM-EDS also falls in line with FTIR results 

(Figure 3.2). 

 

NiO (111) plane  Mn3O4 (111) plane  Mn3O4 over NiO: (111) plane 

 

Figure 3.2: (a) 2-dimensional view of NiO, Mn3O4 and NiO-Mn3O4, (111) plane (b) HRTEM 

image of sample B7 (pH = 6.02) showing the lattice defect at the interface of two different 

crystal structure, (c) FTIR image shows the presence of different crystal structure at different 

position (d) TEM EDS data confirms the presence of two different elements of Mn and Ni. 

 

The Ni 2p XPS spectrum of NiO nanoparticle (A1) and some of the nanocrystals (B1, B3, 

B5, and B7) are illustrated in Figure 3.3. The 2p region is split into two parts called 2p1/2 and 

2p3/2 due to spin-orbit coupling. The main peaks of the 2p1/2 and 2p3/2 are visible in Figure 3.3 

(A1) by the DOT point while the satellite peaks are depicted by the ARROW sign. Satellite 

[a] 

[b] [c] [d] 
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peaks are the resultants of the shake-up effect that happens due to the excitation of the 

photoelectron and deposition of the energy in the system left by the kinetic energy of that 

particular photoelectron [42]. In NiO, Ni2+ [(Ar) 3d8], electrons removed by the x-ray from the 

2p region interact with the electrons from 3d shell which generates the satellite peaks in the 

structure. The relative positions of the mainline and satellite peaks of all the samples shown in 

the Figure are enlisted in Table 3.2. The peak position of the nanocrystal samples is almost the 

same as the NiO nanoparticles but the satellite peaks are less distinguishable as the pH of the 

nanocrystals is increasing. The satellite peaks are situated at approximately 7 eV higher binding 

energy from the main peak lines. But, according to Biju et. al, there should be another satellite 

peak from the main lines at a distance of 1.5eV which are prominent in NiO nanoparticle sample 

(A1) but not very much in nanocrystal samples [43]. According to Wilson et. al., there are a 

couple of reasons behind the sharp decrease of the satellite structures among which the size of 

the nanoparticles and defects in the crystal structure are two notable ones [44]. They stated that 

reduction in satellite intensity is directly related to the decreasing particle size. As the particle 

size decreases, the large surface to volume ratio increases along with defect density together 

which affects the shake-up process. This assertion is in good comparison with our observed 

particle size reduction with increasing pH values.  But, the peak at 1.5 eV from 2p3/2 has been 

attributed due to multiplet splitting by other authors [45]–[49]. Multiplet splitting occurs if there 

are unfilled shells with lone pairs like in transition metals with partially filled p and d shells and 

rare-earth metals with f orbitals. It arises from the fact that an electron can have spin up/down 

states, which creates 2 states observed as separate peaks in XPS  In case of NiO, multiplet 

splitting is related to both local and non-local screening effects of the final state of the electronic 

structure resultant of the photoemission process. The lowest energy state for NiO is 2p5 3d9 L 
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which occurs due to the nonlocal screening process of 2p6 3d8 + hʋ → 2p5 3d9 L + e¯ and this 

action is considered responsible for the peaks at ~1.5 eV from the main peaks [43], [49]. Here L 

represents a valence band hole whereas the 2p can be considered as a photon-induced hole in  

 

Figure 3.3: (a) XPS spectra of Ni 2p region of some of the nanocrystal samples [B1 (pH = 2.39), 

B3 (pH = 3.52), B5 (pH = 4.48), B7 (pH = 6.02)] along with the NiO nanoparticle (A1). The 

arrow sign points to the satellite peaks while dot points the main peaks; (b) detailed peak fitting 

of the XPS peaks of sample B1. 

 

Table 3.2: peak positions and the binding energy difference between Ni 2p main peaks and 

satellite peaks 

 

  Peak Positions (Binding Energy, eV ) 

2p3/2 1 2p3/2 2 
2p3/2 Sat 

1 

2p3/2 Sat 

2 
2p1/2 1 2p1/2 2 

2p1/2 Sat 

1 

2p1/2 Sat 

2 

A1 853.83 855.36 860.91 864.17 872.14 872.72 874.08 879.23 

B1 852.63 854.33 859.71 863.12 869.88 871.35 873.20 878.17 

B3 853.15 854.79 860.34 864.77 870.46 871.91 873.62 878.71 

B5 852.97 854.59 860.15 863.22 870.21 871.44 873.01 878.49 

B7 853.38 854.96 860.62 863.72 870.32 871.49 873.11 878.82 

 

another process called local screening (2p6 3d8 + hʋ → 2p5 3d8 + e¯) The mainline peaks at 

around 853 eV and 871 eV are generated due to this local screening effects. To cover the 

[a] [b] 
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multiplet envelops of 2p1/2 and 2p3/2 spectra region, 4 different peaks are used for each of them 

and the fittings are shown in Figure 3.3(b). 

The Auger peaks are typically represented by the kinetic energy as the Auger electron 

does not have binding energy and they are produced by auto-ionization. As a result, the position 

of the auger electron lines in the XPS spectra does not change with the applied x-ray 

characteristic energy. Here we have used the binding energy in the figures so that both the Mn 

2p3/2 region and Ni auger spectra can be presented straightforwardly. As stated earlier, the auger 

peak region of Ni (636.30 eV to 642.10 eV of binding energy) merges with the XPS spectra of 

the Mn 2p3/2 region (640.40 eV to 642.80 eV of binding energy) and it is difficult to identify 

individual peaks of this two elements. We have introduced a simple method to find the Ni auger 

peaks in pure NiO nanoparticles and using the same data (peak position, peak area ratio and 

FWHM value) to fit the peaks of Mn 2p3/2 spectra since we could not find any other established 

method to solve this issue [46], [50]–[52]. The Ni LMM auger peak is largely dependent on the 

electronic configuration of Ni and the unoccupied 3d states which arise from 3d10 initial state and 

fall into 3d8 final state [46][53]. The LMM auger peak is also known as L3M45M45 or L3VV 

where M45 represents the multiplet combinations of the 3d3/2 and 3d5/2 valence electrons and V is 

valence. The XPS data of Ni auger peaks found from different NiO nanoparticles are employed 

in table 3.3 which was analyzed using the parameters provided in the NIST database [33]. All the 

NiO nanoparticle samples (A1, A2, A4, and A5) were synthesized using the same parameters 

and the average area ratio of the two Ni LMM peaks were calculated as 1.80. The peak position 

and area ratio of all the NiO nanoparticle samples must stay the same. But from the table, it is 

clear that they are not the same and there are several reasons for that such as non-local screening 

effect or the presence of O¯ or Ni3+ as a minor defect. The average peak position, the FWHM  
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Table 3.3: Auger peak fitting details of NiO nanoparticles and NiO nanocrystals 

Sample  Ni LMM Peak 1 

Kinetic Energy 

(eV) 

FWHM Ni LMM Peak 2 

Kinetic Energy 

(eV) 

FWHM Area 

ratio 

NIST 

data 

849.70 4.68 842.90 7.00 - 

A1 849.91 4.50 844.28 8.36 1.82 

A2 849.84 4.24 844.23 8.80 1.83 

A4 849.89 4.33 844.25 7.59 1.79 

A5 849.60 4.40 843.99 8.55 1.77 

B1 850.96 4.12 844.29 7.27 1.75 

B2 848.67 4.78 842.94 7.03 1.79 

B3 850.13 4.53 844.21 6.90 1.79 

B4 849.96 4.50 844.14 6.58 1.80 

B5 850.24 4.68 844.50 7.34 1.79 

B6 850.75 4.07 844.88 5.92 1.80 

B7 850.18 4.46 844.75 6.49 1.78 

B8 849.15 4.31 843.87 6.10 1.79 

 

value and the area ratio was further employed to fit the peaks of the nanocrystals. Figure 3.4(b) 

shows the Ni auger and the Mn 2p3/2 spectra of some of the nanocrystal samples along with one 

NiO nanoparticle sample where it is very much clear that the Mn brings up new peaks in 

nanocrystals. The amount of Mn in sample B1 (pH = 2.39) is comparatively low which can also 

be confirmed from Figure 3.4(a) of Mn 2p1/2 spectra. That is why the Mn contribution to Ni 

auger region is not very subtle like in other samples. The high amount of hydrogen ion in this 

low pH might have hindered the formation of shell or nanoisland over the NiO nanoparticles. 

Figure 3.4(c) shows the peak fitting of the NiO nanoparticles and the nanocrystals which 

authenticate the presence of Mn 2p3/2 peaks. 
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Figure 3.4: (a) XPS spectra of Mn 2p1/2 region and, (b) Ni auger and Mn 2p3/2 region of magnetic 

heterostructured nanocrystals. Arrow sign indicates the peak that is absent in A1, the little 

contribution of Mn in sample B1 (pH = 2.39) and significant contribution in sample B3, B4, B6, 

B7. (c) An illustration of the peak fitting for Ni LMM auger peaks and Mn 2p3/2 peaks. 

 

Most natural oxidation states of Manganese are 2+, 3+ and 4+ while it has several other 

oxidation states ranging from 7+ to 3¯ [54]. As the pH changes, the oxidation states of the 

nanocrystals also varies. The reason behind this is the protonation and the adsorption effects that 

occur simultaneously in the aqueous synthesis solution. As the number of hydrogen ion increases 

with lower pH, less number of Mn ions get adsorped over the nanoparticle surface while the 

opposite happens with higher pH. And as the number of Mn ion adsorption is changing from pH 

variation, the oxidation states of Mn in the nanocrystal samples are also changing. XPS analysis 

can assess the oxidation states of manganese by measuring the sensitivity of the binding energy 

of various electron energy levels. Although, according to previous literature, Mn 3s spectra can 

explore the valence state of manganese oxides more precisely, the energy difference between the 

Mn 2p1/2 and 2p3/2 peaks can also be a good measurement to prove it [55]–[59]. But since the Mn 

[a] [b] [c] 
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2p3/2 peaks are suppressed due to the Auger spectra of Ni LMM, our focus falls on to the Mn 

2p1/2 region first. From Figure 3.4(a), it is comprehensible that the peak of the Mn1/2 region has 

been aligned for some samples than shifted for some other samples. The standard energy 

difference between this two peaks are 11.2-11.4 eV for Mn2+ and 11.7-11.8 eV for Mn3+ 

oxidation state [55], [57]–[59]. Figure 3.5 illustrates some of the nanocrystal samples’ Mn 2p1/2 

and 2p3/2 peak fittings. It can be seen that the difference of area of Mn 2p3/2 peaks and Mn 2p1/2 

peaks are higher in sample B7 than any other samples. We can predict that the percentage of 

Mn3+ is higher in higher pH samples. As from table 3.4, the energy difference for B1 is 11.3 eV 

and for other samples, it varies from 11.3 to 11.6 eV for peak 1 and 11.7 to 12.1 eV for peak 2. 

From these results and XRD and TEM analysis, we can predict that the sample B1 has only the 

Mn2+ oxides while other samples have both Mn2+ and Mn3+ states either in the form of Mn3O4 

only or both Mn3O4 and MnxNi1-xO shell. Analysis of the Mn 3s spectra can further confirm the 

oxidation states of manganese.  

Table 3.4: Position of the Mn 2p1/2 and 2p3/2, 3s multiplet peaks and energy difference 

  

Peak Position, 

B.E. (eV)   

Peak Position, 

B.E. (eV)   

Peak Position, 

B.E. (eV) 

 

  

Mn 

2p1/2 

peak 1 

Mn 

2p3/2 

peak 1 

Diff. 

eV 

Mn 

2p1/2 

peak 2 

Mn 

2p3/2 

peak 2 

Diff. 

eV 

Mn 3s 

peak 1 

Mn 3s 

peak 1 

Diff. 

eV 

B1 650.39 639.09 11.3 - - - 86.86 78.26 8.6 

B2 651.63 640.23 11.4 653.13 641.23 11.9 - - - 

B3 

 

651.05 639.75 11.3 652.88 641.08 11.8 85.18 

87.66 

79.54 

81.14 

5.6 

6.5 

B4 

 

652.78 641.28 11.5 654.18 642.48 11.7 86.36 

88.57 

80.79 

81.97 

5.6 

6.6 

B5 650.90 639.5 11.4 652.75 640.85 11.9 - - - 

B6 649.97 638.37 11.6 652.23 640.13 12.1 87.22 81.82 5.4 

B7 650.98 639.58 11.4 652.62 640.82 11.8 87.29 81.70 5.5 

B8 651.47 639.97 11.5 652.82 641.02 11.8 - - - 
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Figure 3.5: Mn 2p XPS spectra of different nanocrystal samples showing Mn 2p1/2 and 2p3/2 

peaks 

  

In manganese, there is an exchange coupling between the 3s hole and 3d electrons that 

creates multiplicity proportional to 2S+1 (S is the local spin of the 3d electrons in the ground 

shell) [56], [60], [61]. The high spin coupled states will be in lower binding energy with 

multiplicity 2S and low spin coupled states will be in higher binding energy with multiplicity 

2S+2. Because of the exchange coupling, there is multiplet splitting in Mn 3s spectra that can 

vary depending on the oxidation states of manganese. There has been a lot of works on this 

spectral splitting of Mn 3s in monovalent Mn oxides such as MnO, Mn2O3 or Mn3O4. The energy 

differences between the two multiplet peaks of the monovalent oxides have been a clear indicator 

of the oxidation states of the manganese. It has been reported that the energy difference between 

two peaks are around 5.8-6.1eV for Mn2+, 5.2-5.5 eV for Mn3+ and 4.5-4.7eV for Mn4+ [54], 

[62]–[64]. Figure 3.6 shows the multiplet splitting of some of the nanocrystal samples and table 

3.4 shows the peak position and binding energy difference.  From table 3.4, we can see that the 
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energy difference of two multiplet peaks of sample B1 is 8.6 eV and there are two energy 

differences for sample B3 and B4. Since manganese has several oxidation states, 8.6 eV of 

energy difference indicates a lower oxidation state than 2+ [54]. Both B3 and B4 have Mn3+ 

oxides along with possible Mn2+ or lower oxides. The physical meaning of these values states 

that B1, B3, and B4 all have MnxNi1-xO but B3 and B4 also have Mn3O4 oxides. Similarly, 

sample B6 and B7 both have only Mn3+ oxidation state but there are no lower oxides than 

Mn3O4.  According to our TEM and TEM-EDS data, sample B1 has no Mn3O4 islands, sample 

B2 to B4 contains both Mn3O4 and MnxNi1-xO and sample B5 to B8 contains very little to no 

MnxNi1-xO elements. Since the amount of Mn3O4 is comparatively lower than the MnxNi1-xO 

shell, the peaks are not very prominent for the 3+ oxidation state. Nevertheless, these results are 

in good comparison with the data found from Mn 3s spectral lines analysis.  

 

Figure 3.6: Multiplet splitting of Mn 3s XPS spectrum in different nanocrystal samples 
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Figure 3.7 reveals the peak fitting of O 1s XPS spectra for NiO nanoparticle (A1) and 

different other nanocrystals (B1, B3, and B7). The XPS spectra line for sample A1 consists of 

only two peaks, 529.22 eV and 530.81 eV of binding energy. According to the NIST database, 

the lower binding energy peak confirms the position of lattice oxygen, O2- and the higher binding 

energy peak is for the HO-Ni-OH bond which occurs due to the hydroxylation process in 

aqueous synthesis medium. The nanocrystal samples have the Mn-O bond peak which occurs 

around 529±0.50 eV. Apparently, as the pH increases, the peak intensity for Mn-O is also 

increasing suggesting the Mn concentration is also going up. The amount of Ni(OH)2 is varying 

due to the adhesion of hydroxyl ions over the surface of the nanocrystals and there is no definite 

trend for that with increasing pH value. For quantitative analysis, we have used the Ni 2p3/2, Mn 

2p3/2 and O 1s region to get the percentage of all the elements. But the amount of Ni(OH)2 has 

been excluded for quantitative analysis of the elements present in the samples. Table 3.5 shows 

the percentage amount of different elements in different nanocrystal samples. 

 

Figure 3.7: XPS spectra of O 1s region for NiO nanoparticle (A1) and nanocrystal samples 
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Table 3.5: percentage of elements derived from the quantitative analysis of XPS spectra 

Name B1 B2 B3 B4 B5 B6 B7 B8 

Mn 2p 3/2  1.34 3.35 4.79 4.93 6.52  8.06 7.41 7.90 

Ni 2p3/2 sat 16.22 17.36 15.45 15.32 16.38 14.04 13.28 16.17 

Ni 2p3/2 sat 3.82 1.46 12.79 0.67  3.73 1.31 1.94 15.74  

Ni 2p3/2 21.11 21.28 12.48 21.74  19.56 17.80 17.94 10.52 

Ni 2p3/2 7.28 6.43 4.46 7.37  3.92 9.08 9.82 0.10 

O 1s-Ni-O 32.18 32.20 36.59 32.08  31.84 33.49 28.33 41.31 

O 1s Mn-O 18.05 17.91 13.44 17.88  18.04 16.21 21.28 8.26 

 

As from table 3.5, we can see that the highest amount of Mn concentration is found in 

sample B6. The second-largest amount of Mn is in sample B8 followed by B7 and B5. Our 

magnetic data analysis has shown that the exchange bias and coercivity are also highest for 

sample B6 followed by sample B8, B7, and B5 among all other samples. Sample B6 occurs at a 

pH value of 5.03 which is the default pH value of the synthesis medium in the hydrothermal 

method when NiO nanoparticles are added to the MnCl2.3H2O solution. As the pH of the 

samples is altered, the concentration of Mn is also changing. The lower pH values obstruct the 

adsorption of Mn ions which results in a lesser amount of Mn while at higher pH there are more 

Mn ions. The gradual increase of Mn ions up to B6 represents a similar pattern but again the 

decrease after B6 is arguable. We suspect that the reason behind the fallen trend of lower Mn 

values is related to the size of nanoislands in sample B7 and B8. As from TEM images, it is 

obvious that the nanoisland size is comparatively lower in B8 increasing the surface area of the 

overall sample. Since the surface area is increasing, XPS spectra are showing more prominent 

peaks at a higher intensity for sample B8 than B7. 



65 
 

Conclusion 

Different kinds of NiO based nanocrystals samples were synthesized from pH 2.39 to 

7.02 having Mn3O4 nanoislands and/or MnxNi1-xO shells. Our XRD and TEM data confirms the 

presence of more MnxNi1-xO shells in the lower pH value samples and more Mn3O4 nanoislands 

in higher pH values. The size of the Mn3O4 nanoislands can also vary with changing pH values. 

XPS spectra analysis manifests a similar outcome although the presence of Ni auger peaks makes 

the quantitative analysis challenging. Incorporation of NIST XPS data helps to overcome the 

challenge and successful interpretation of the results. 
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SUMMARY 

 

 The present study deals with the effect of pH used in hydrothermal synthesis on the 

structural and magnetic properties of NiO-based bimagnetic heterostructured nanocrystals 

(MHNCs). The NiO core nanoparticles were synthesized via thermal decomposition whereas the 

MnxNi1-xO and/or Mn3O4 outer nanophases were synthesized using a low-temperature 

hydrothermal method. The pH of the hydrothermal synthesis medium was varied from 2.4 to 7.0. 

The amount of pH is found to directly affect the type and thickness/size of the shell layer as well 

as the morphology of the magnetic nanocrystals. XRD spectral analysis and Rietveld refinement 

confirm the presence of the MnxNi1-xO shell layer and/or Mn3O4 decorating islands and indicate a 

trend of the relative amount of each of these phases covering the NiO core. The results from the 

TEM, XPS, and MPMS magnetic characterization show a transition from MnxNi1-xO shell at 

lower pH values to a mixed MnxNi1-xO and Mn3O4 coverage at medium range pH values, and 

finally to Mn3O4 (predominantly) overgrowth on NiO core nanoparticles at higher pH values. A 

considerable increase in saturation and remanent magnetization, as well as magnetic coercivity, 

is observed for the MHNCs synthesized at the middle range of pH values (~ 4 – 6 range) 

confirming the initial hypothesis that acidic but trending toward neutral pH values favor the 

deposition of manganese oxides. Mn3O4 has a high FiM magnetic anisotropy energy resulting 

from their crystal structure and misalignments at the interface of the structure along with the 

vacancies and stacking faults. In addition, the nanocrystals containing Mn3O4 showed a 

significant enhancement in exchange bias peaking at a pH of ~5. This is consistent with the XRD 

and TEM results showing a higher amount of Mn3O4 at a pH of ~4.5 – 7. The decrease of 

exchange bias after pH ~5 can be attributed to the reduction of Mn3O4 nanoisland size. Magnetic 
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data also shows a trend in magnetic domain formation at different pH values. Multiple magnetic 

domain formation is observed at a pH value of ~2.5 – 3 while single domains are dominant in the 

upper pH value of ~6 – 7. There is also a pseudo-domain type magnetic formation at an 

intermittent pH value of ~3.5 – 5 showing different features of both single and multiple domains. 

The XPS results show good comparison with other characterization methods in terms of the 

manganese oxidation states and the percentage of manganese oxides. One simple method which 

primarily concentrates on pure NiO LMM Auger peak fitting and then uses the same data to fit 

Mn 2p3/2 peaks generates very good result to solve the peak mixing problem between the two 

elements (Ni and Mn). The oxidation states of manganese oxide are first identified from the 

binding energy difference of Mn 2p1/2 and Mn 2p3/2 peaks following this simple observation 

method. A fair amount of multiplet splitting is also observed in the Mn 3s region where the 

energy difference between the two multiplet peaks reconfirms the data seen from Mn 2p1/2 and 

Mn 2p3/2 peak observation. Both of the spectrum analysis gives the same consistent data that only 

MnxNi1-xO shell layer forms at pH ~2.4, both MnxNi1-xO shell and Mn3O4 islands form at pH ~3 

– 4 and Mn3O4 islands forms at pH ~4.5 –7. The quantitative analysis of the XPS data exhibits a 

higher amount of Mn concentration for pH ~5 –7 which is also consistent with XRD data. 
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