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ABSTRACT 

In continuation to our previous work, the superparamagnetic Fe3O4@Au core-shell type nanoparticles (NPs) were further 

characterized by differential scanning calorimetry (DSC), thermogravimetric analysis (TGA), electrical conductivity, 

impedance and cyclic voltammetry measurements. From the analysis of DSC and TGA results with our Fe3O4@Au NPs of 

about 6.25 ± 0.6 nm size, we observed a clear endothermic peak at 310°C due to the decomposition of the oleic acid/oleylamine 

surface ligands and the particles found to contain more than 80% of the metallic content from the mixed compositions of gold 

and iron oxide. Because of the conduction through the Fe3O4@Au grain, the impedance profile of the pellet exhibited a well-

resolved semi-circle and an inclined spike in a far low-frequency region. The electrical conductivity of the Fe3O4@Au material 

found to be increased with an increase of temperature. The standard Gibbs free energy (ΔG) of the reaction provided a criterion 

for spontaneous changes in the equilibrium of the material. From the analysis of the results of ΔG, it appears that at 25°C 

temperature, ΔS found to be negative. The calculated enthalpy, ΔH = -0.635 kJ/mol, at the corresponding entropy of ΔS = -

0.132 kJ/mol. Finally, the activation energy in temperature range of 25-200°C for the Fe3O4@Au core-shell material was 

calculated using Line fitting and the surface characterization by using cyclic voltammetry. The electrochemical redox property 

of the Fe3O4@Au quasi-reversible wave corresponding to Au
3+

/Au
2+

. In addition, the electrochemical parameters for 

Fe3O4@Au NPs of  c

pE ,  a

pE ,  0

21E and E were also obtained. Since the Fe3O4@Au material has low activation energy at low 

temperature range which makes it a good candidate as an ion conductor and even has the potential uses in many solid state 

devices and also in the future prospects of electrochemistry applications. Copyright © 2014 VBRI press. 
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Introduction  

In recent years, research into the development of 

multifunctional, electrically conductive and thermally 

stable materials has been the subject of interest, as it 

provides sophisticated materials for the current advancing 

applications of catalysis, fuel cell technology and 

electrochemical batteries. The exploration of materials led 

to the design and synthesis of nanomaterials with complex 

geometries such as alloy, core-shell, onion-type, 

multilayered, multimetallic and multifunctional 

nanoparticles (NPs); as the materials with these structures 

offer a number of useful physiochemical properties in 

addition to chemical and thermal stability which opens up 

new possibilities for their use [1-2]. The nanomaterials are 

characterized by their large surface area and there are a 

number of approaches by which one can bring about 

surface morphological changes that can lead to 

concomitant changes in their optical, electrochemical and 

thermodynamic properties. One of the ways at which the 

optical and electrical properties of NPs can be tailored is by 

making use of the bimetallic architecture, as this is often 

more active than the corresponding pure metal. Due to the 

large surface area, thermally stable and highly conductive 

behavior of bimetallic NPs, they can endure fast redox 

reactions and therefore, can serve as platforms for 

electrochemical devices. A number of reports have been 

generated in the literature whose concern is primary limited 

to either studies of the electrical properties or 

thermodynamic analysis of “alloy” type-oxide 

nanomaterials [3-5]. However, our interest is to investigate 

the electrochemical and thermodynamic parameters of iron 

oxide-coated metallic gold shell NPs, as the core-shell 

architecture offers greater opportunities to modulate the 

properties of both core as well as the shell nanomaterial. In 

addition, because of the presence multiple elemental 

compositions within a single particle, the core-shell 

structure offers highly stable metal oxide-metal 

combination through strong electrophilic attraction 

between the core and shell [1]. 

Iron oxide has been referred to as the promising 

material for the desired application in biological, chemical, 

industrial areas and it exhibit large surface-to- volume 

ratio, high surface reaction activity, high catalytic 

efficiency, superparamagnetism, low toxicity, a unique 

ability to promote high electron transfer capability between 

the electrodes and high as well as strong adsorption ability 

that is very helpful in obtaining the improved stability and 

sensitivity of a sensor [6]. In recent year, the 

superparamagnetic iron oxide nanoparticles hav gained vast 

attention because of its application as contrasting agents for 

magnetic resonance imaging (MRI) [7]. It was also noticed 

that the aggregation of Fe3O4 nanoparticles due to high 

surface area and magnetic dipole interaction between 

nanoparticles has limited their applications [8]. 

Gold nanoparticles has unique sensing properties due 

to its intriguing optical characteristic and can find 

applications in electronics [9], photodynamic therapy [10], 

therapeutic agent delivery [11], sensors [12], probes [13], 

diagnostics [14] and  catalysis [15]. It also exhibits the 

property of surface plasmon resonance (SPR) [16]. This 

SPR property of gold nanoparticles can be useful in other 

areas such as in vitro assays, in vitro and in vivo imaging, 

cancer therapy, and drug delivery [17]. 

The thermodynamic properties are endorsed which is 

generated by the absolute rate of interaction between 

particles. This is represented as a ability to show transition 

from initial to final state leading to one intermediate state 

that is very common as activated complex which 

correspond to the peak of the curve of potential energy. 

The above statement is referred according to the Eyring 

theory [18]. The maximum height of the peak is 

distinguishing the initial and final stable state which is 

characterized by minimal potential energy. Based on this 

theory itself, the calculation of the thermodynamic 

characteristics of ion migration is done and namely 

through, the changing of Gibbs energy ΔG, entropy ΔS and 

enthalpy ΔH of reacting substances in their normal 

standard state [18].  

Generally the electrical properties of the conducting 

materials (in our case, Fe and Au) accompanied by changes 

in dimension, conductivity or permittivity can be easily 

measured by electrical impedance techniques, as it requires 

only the application of two or more electrodes. The 

impedance spectroscopy became a powerful analytical tool 

for the analysis of electrochemical phenomena concerning 

the solid state, porous materials and its unique ability 

resolves the electrical responses of individual components 

in complicated systems [19, 20]. In particular, the non-

steady technique AC impedance spectroscopy is suitable to 

investigate the complex electrochemical systems and this 

technique can separate the phenomena with different 

relaxation times and is also useful for the determination of 

rate limiting step occurring at the electrode surfaces [21]. 

AC conductivity is one of the frequent investigating 

approaches applied on solids for characterization of the 

bulk resistance present in the material sample which has 

been allowed for the measurement of the electrical 

properties. Different technique has been performed for the 

measurement of AC conductivity. The complex impedance 

spectroscopy is unique and currently as well as sparsely 

used advanced technique. The measurement technique of 

AC conductivity gives brief information regarding the 

electrical properties of material along with the interface of 

electronically conducting electrodes [22]. 

The direct oxidation or reduction of substrate detects 

the electrochemical methods acting on the electrode 

surface. Electrode reactions are very appreciable and 

suitable for the analytical applications because of its high 

potential requirements [23]. The most common method that 

is electrochemical determination has been here regarded as 

fastest, cheapest and long lasting technique in the analytical 

quantitative determination of different analytical species 

[24]. Cyclic voltammetry is also one of the most versatile 

electroanalytical techniques for the study of electroactive 

species, as it observes the rapid changes in redox 

behaviours over a wide range of potentials and electrolyte 

solutions. The cyclic voltammogram is a display of current 

versus potential and the procedure involves the measuring 

of current at the working electrode during each potential 

scan [25]. 
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We previously demonstrated that the 

superparamagnetic iron oxide nanoparticles on coating with 

gold (Fe3O4@Au) enhance the heat releasing properties up 

to five fold as compared with the bare Fe3O4 NPs of the 

similar type [1]. We also observed changes in the magnetic 

properties and blocking temperatures of Fe3O4@Au NPs 

when bound to cysteamine and further to protein such as 

luteinizing hormone-releasing hormone [2]. The synthesis 

and characterization of Fe3O4@Au nanoparticles have 

aimed at many areas for potential applications. Our studies 

have focused on the electrochemical and thermodynamical 

properties of the interfacial reactions, as the gold shell 

provides an intrinsic as well as devastating platform for 

assessing the core@shell nanostructures.The Fe3O4@Au 

core-shell imparts the superparamagnetic nanoparticles 

with many intrinsic functional properties. Further, in this 

report we extended our understanding on the core-shell 

type Fe3O4@Au NPs with the studies of impedance 

measurements, temperature dependent electrical 

conductivity, thermodynamic parameters of Gibbs free 

energy and also with the cyclic voltammetry. To the best of 

our knowledge, this is the first report concerning the 

thermodynamic behaviour and cyclic voltammetry of metal 

oxide@metal core-shell type NPs and their electrical 

conductivity measurements. The reason for conducting 

these studying is to understand how different 

microstructures would influence the electrochemistry of 

gold containing architectures. Since during recent years, 

the gold-supported metal oxides have been advancing due 

to their potential applications as ionic conductors, active 

catalyst materials, optical detection and imaging platforms, 

electrochemical-signal detection based amperometric 

nanobiosensors. There are many other potential 

applications which are part of our on-going work and the 

results will be discussed in our future reports. 

 

Experimental 

Materials  

Iron acetylacetonate ( 99.9%), diphenyl ether ( 99%), 

oleic acid ( 99%), oleylamine (70%), 1,2 hexadecanediol 

(90%), hexane ( 97%) and ethanol( 99.8%),  were 

purchased from Sigma-Aldrich (USA) and used as 

supplied. Gold acetate (99.9%) was obtained from Alfa-

Aesar (USA) and all chemicals received were of analytical 

grade and were without any further purification later on 

before experimentation. Ultra-pure water of resistivity 18.2 

Mcm was obtained from a Milli-Q water purification 

system (Millipore Corp., Bedford, MA, USA). 

 

Synthesis of Fe3O4 NPs 

In order to obtain the core-shell NPs of iron oxide-coated 

gold, we followed the procedure as described by 

Mohammad et al [1]. Briefly, 0.7 g of iron acetylacetonate 

was mixed with a solution containing 20 mL of diphenyl 

ether, 2 mL of oleic acid, and 2 mL of oleylamine under 

inert atmosphere with vigorous stirring in a three-necked 

round bottom flask. To this solution, 2.6 g of 1,2-

hexadecanediol as reducing agent was added. Now the 

reaction mixture was heated to around 210°C with reflux 

for 2 h and maintained the oxygen-free conditions 

throughout the reaction period. The reaction mixture was 

cooled to room temperature, and then, degassed ethanol 

was added to precipitate the black-colored product of iron 

oxide NPs. The precipitate was separated out by 

centrifugation (Eppendorf 5424 microcentrifuge, USA)  at 

1500 rpm/min for 15 min, washed with a series of solvents 

starting with hexane, followed by a mixture of hexane and 

ethanol, and then finally with ethanol. The product was 

dispersed in ethanol, separated out magnetically and dried 

to obtain black powder of iron oxide NPs.  

 

Synthesis of Fe3O4@Au NPs 

In the following step, to 10 mL of diphenyl ether, 

approximately 0.5 g of previously prepared iron oxide NPs 

was added. Further to this mixture, a solution containing 30 

mL of diphenyl ether, 3.1 g of 1,2-hexadecanediol, 0.5 mL 

of oleic acid, 3 mL of oleylamine, and 0.8 g of gold acetate 

was added under inert atmosphere. The reaction mixture 

was heated to around 190°C with reflux for about 1.5 h. 

After the mixture was cooled to room temperature, ethanol 

was added, and the dark purple material was separated out 

by centrifugation at 3000 rpm/min for 15 min. The material 

was re-suspended in hexane, washed 3-5 times with 

ethanol, and dried under inert atmosphere. By suspending 

the particles in ethanol, the gold-coated iron oxide NPs 

were separated using magnetic separation technique. 

 

Instrumental characterization of Fe3O4@Au NPs 

High resolution transmission electron microscopy 

(HRTEM) measurements were carried out on JEOL-2010 

HRTEM instrument with a point to point resolution of 1.94 

Å, operated at a 200 kV accelerating voltage. The HRTEM 

samples were prepared by taking a droplet of Fe3O4@Au 

NPs in hexane onto a carbon coated copper grid and 

evaporating the solvent at room temperature.The FT-IR 

spectra were obtained using Nexus 670 FT-IR spectrometer 

in the transmission mode in the range of 4000-400 cm
-1

 and 

the samples were prepared by finely grinding the 

compound with dry KBr powder and then made into a 

transparent pellet. For thermogravimetric analysis (TGA), 

the sample was heated upto 600°C at a rate of 10°C per 

min on a TA 600 instrument and the sample was held at the 

final elevated temperature for 10 minutes to ensure 

complete removal of all volatile materials. Powdered X-ray 

diffraction (XRD) patterns were recorded on a Bruker-

Siemens D5000 automated powder diffractometer using 

Cu-Kα radiation and the data were collected from 20-80° 

units in 2θ (theta) at a scan rate of 0.06° per step. The 

Perkin Elmer instrument was employed to record 

differential scanning calorimeter (DSC) curve for the 

material in nitrogen atmosphere with a flow rate of 

10mL/min over a temperature range of up to 550°C and a 

heating rate of 10°C/min was applied. The α-Alumina was 

used as a reference material and for the analysis; around 

10-15 mg of sample was placed in α-Alumina crucible. The 

electrical conductivity and impedance measurements were 

performed by using a high tester HIOKI-3532 50 LCR 

METER in the frequency range 42Hz-5MHz. The 

powdered samples of Fe3O4@Au were compressed at 10 
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MPa to form pellets, further coated with carbon black paint 

and annealed between the electrodes for two hours at 

120ºC to enhance the electrical connectivity between 

Fe3O4@Au and the electrodes. The cyclic voltammograms 

were recorded on a CH-Instrument Electro-Chemical 

Analyzer using tetraethylammonium perchlorate as a 

supporting electrolyte at room temperature. A three cell 

electrode is used which contains a Pt micro cylinder 

working electrode, Pt wire as auxillary electrode and 

Ag/AgCl as the reference electrode. All electrochemical 

data were collected at 25C and are uncorrected for 

junction potentials. The voltammograms were generated 

through computer stimulation giving the magnitudes of 

reduction, oxidation and half-wave potentials of the redox 

processes. All the experiments were conducted at room 

temperature and were repeated at least three times to check 

the reproducibility. Non-linear regression analysis (NLR) 

fits were performed using Origin


 software (version 8, 

OriginLab Corporation). 

 
 

Results and discussion 

High-Resolution transmission electron microscopy 

(HRTEM) studies of Fe3O4@Au NPs 

The Fe3O4@Au NPs were obtained by the thermal 

decomposition of organic metallics at higher temperature 

conditions and also in the presence of suitable reducing 

agent. Fig. 1 shows the HRTEM image and size 

distribution of Fe3O4@Au NPs. As evidenced by the inter-

particle space and its uniformity from the HRTEM 

analysis, the NPs are spherical in shape and are covered 

completely by the surfactants oleic acid-oleylamine 

forming a capping monolayer which protects them from the 

particle-particle interactions. Also from the size 

distribution analysis, the average particle size of 

Fe3O4@Au NPs obtained to be 6.25 ± 0.6 nm. 

 

 

Fig. 1. HRTEM image (A) and the size distribution analysis (B) of 
Fe3O4@Au NPs (scale: 20 nm). 

 

Fourier transform infrared spectroscopy (FTIR) studies of 

Fe3O4@Au NPs 

 

The FT-IR spectrums were recorded to identify the surface 

functionality in Fe3O4@Au NPs and were compared with 

pure oleic acid, oleylamine (Fig. 2). From the figure, the 

presence of peak for (a) around 545 cm
-1

is due to the split 

of ν1 band corresponding to the Fe-O band of magnetite 

and other band at 430 cm
-1

 due to the ν2 band of Fe-O bond 

of magnetite. Also, there is a matching of peaks of (a) with 

that of (b) and (c) at 2850-3000 cm
-1

 are due to the 

symmetric and asymmetric methylene (CH2) stretching 

modes of groups present in oleic acid and oleylamine. The 

sharp peak in (b) at 3319 cm
-1

by the free N-H stretching 

vibration, appeared in (a) as a broad peak at 3425 cm
-1

 due 

to hydrogen bonding. The peak of (c) at 1712 cm
-1

 are due 

to ν(C=O) which were observed for (a) at around 1708 cm
-1 

and other peak around 960 cm
-1

 are due to the =C-H 

bending vibrations [26]. Therefore, from the comparison of 

all the spectrums, it proves that Fe3O4@Au NPs possess the 

mixed functional groups of oleic acid and oleylamine. 

 

 

Fig. 2. Comparison of the FT-IR spectrums of  Fe3O4@Au NPs with that 
of pure oleic acid and oleylamine. 

 

Differential scanning calorimetry (DSC) and thermo 

gravimetric analysis (TGA) studies of Fe3O4@Au NPs 

 

The DSC and TGA curves for Fe3O4@Au NPs in the 

temperature range of up to 600°C were shown in Fig. 3(A-

B). Fig. 3A shows the heating mode of the DSC curve of 

the Fe3O4@Au NPs taken in temperature range of 25-

550°C. From the figure, the Fe3O4@Au NPs show 

endothermic peak appeared at 310°C, which is attributed to 

the melting/decomposition region of the surface ligands of 

oleic acid and oleylamine groups. The material contains 

only one sharp endothermic peak and not appearance of 

any other peaks is an indicative of the stability of 

Fe3O4@Au up to 600°C. Further, the thermal stability of 

Fe3O4@Au NPs is illustrated by TGA study and is shown 

in Fig. 3B. The curve was fitted using degradation stages 

arising from thermal oxidation of the surfactant matrix of 

oleic acid and oleylamine. From the TGA curve of the 

Fe3O4@Au, the material shows a 5% weight loss up to 

100°C temperature and this can be due to the loss of 

external water molecules present at the composite surface 

or the starting of the decomposition of oleic acid 

molecules. Further, a slow weight loss of about 4.0% 

between 100 and 273°C may be due to the slight 

decomposition of organic part (oleic acid/oleylamine 



 

Research Article                           Adv. Mat. Lett. 2014, 5(6), 315-324                ADVANCED MATERIALS Letters 

 Adv. Mat. Lett. 2014, 5(6), 315-324                                     Copyright © 2014 VBRI press                                                  319 
 

surfactants) of the material. Above 273°C, the presence of 

a smooth horizon section in the spectrum for Fe3O4@Au 

NPs demonstrates the complete conversion of the material 

into oxide. Therefore, from the TGA data, the Fe3O4@Au 

NPs contain a total of 82.3% of metal (i.e. 17.7% of oleic 

acid/oleylamine surfactants) and this weight corresponds to 

the mixed composition of Au and Fe3O4. 

 

 

Fig. 3. DSC (A) and TGA (B) curves for Fe3O4@Au NPs. 

 

 

 

Fig. 4. Comparison of the XRD images of Fe3O4 and Fe3O4@Au NPs. 

 

X-ray diffraction studies of Fe3O4@Au NPs 

The powdered XRD for Fe3O4@Au NPs were recorded and 

were compared with that of Fe3O4 NPs and is shown in 

Fig.4. From the figure, the XRD of Fe3O4 showed the 

diffraction peaks at 2θ (Theta) of 30.1°, 35.1°, 42.5°, 52.7°, 

56.5°, 62.1° and 70.5° [27].  However, for Fe3O4@Au NPs 

the diffraction peaks are at30.3°, 31.9°, 35.9, 39.6°, 44.6°, 

49.5°, 58.1°, 62.9°and from the literature, the XRD peaks 

for the gold NPs coated with oleic acid, oleylamine were 

obtained to be at 39.4°, 44.1°, 51.3°, 63.8°, 76.2° [28]. 

From the analysis, the peak positions as obtained in the 

case of Fe3O4@Au NPs correspond to the planes of gold in 

a cubic phase.  Also from the XRD pattern, no impurity 

peaks were detected and the Fe3O4@Au NPs gave the 

diffraction peaks similar to that of pure gold NPs and Fe3O4 

NPs coated with oleic acid and oleylamine surface ligands. 

However, the absence of some of the diffraction peaks of 

iron oxide in Fe3O4@Au sample is mostly due to the heavy 

atom effect from gold, as a result of the formation of gold 

layers onto the iron oxide core. Since due to the heavy 

atom effect (electron configuration of gold is higher than 

that of iron), whatever be the x-rays falling on the outer 

surface of gold are getting fully absorbed/diffracted within 

the shell and not transmitting into the core, makes to see 

mostly the peaks corresponding to pure gold. The 

sharpness of the Bragg’s reflections also indicates that the 

Fe3O4@Au NPs are nanocrystalline in nature. During the 

scanning, solvent scattering, the background is likely to be 

because of Brownian motion along with the short-range 

order of salvation cage all around the particles [29]. 

 

 
 
Fig. 5. Complex impedance plane plots for Fe3O4@Au NPs. 

 

Impedance studies of Fe3O4@Au NPs 

A Nyquist diagram or Cole-Cole plot can be represented in 

terms of any of the four possible complex formalisms, 

namely the impedance (Z*), the admittance (Y*), the 

permittivity (*) and the electric modulus (M*), which are 

connected to each other and also to the significant 

dielectric loss or dissipation factor (tan)  which are as 

follows [30]: 

 

 tan

















M

M

e

e

Y

Y

Z

Z
                            (1)                                  

 

Fig. 5 shows the impedance complex plan plots 

(Nyqiust plots) as obtained by plotting the imaginary part 

with corresponding real part at each excitation frequency. It 

is quite evident from the figure that the Fe3O4@Au sample 

shows a semicircle within the region of the measured 

frequencies and a low frequency inclined spike is also 

found due to the conduction of the grain. It is also observed 

that at high frequencies, the impedance of the Randles cell 

was almost entirely created by the ohmic resistance and the 

frequency reaches to its maximum limit at the left most end 

of the semicircle. It has been found that the idealized 

impedance plot of the material mostly consists of a 

semicircle attributed to the grain and the grain boundary 

and the low frequency inclined spike are due to the ionic 

polarization, electrochemical reactions which is occurring 

onto the electrode interface [31, 32]. In addition to it, the 

appearance of the spikes is an indication that the 

conduction in Fe3O4@Au is ionic in nature [33]. 

Impedance is regarded as an effective tool to study the 
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interfacial properties of the electrode modified at the 

surface. A Faradic impedance spectrum at Nyquist plot is 

including a semicircular region which is observed at higher 

frequency that is corresponding an electron-transfer limited 

process on the Z   axes which is followed by a linear 

straight line at 45 to the real axes at lower frequencies 

revealing the diffusion of limited electron transfer process 

[34, 35]. The impedance is a complex number and is 

defined by [36] 

 

    ZjZZ                                                    (2)      

           




























1

1
j

R
                                         (3) 

     1j                                                              (4) 

                                                                                                                                                                                                                                                            

Impedance can be separated into real and imaginary 

parts by algebraic rules, where j is the imaginary unit. R is 

the overall resistance at a frequency of  (radian) and  is 

the deviation magnitude of the electrical response for an 

ideal condition. When  is equal to zero, the Cole-Cole 

model reduces the Debye model and when  is greater than 

zero, the relaxation is stretched. If  is equal to 0.5, it 

depicts the Wardburg impedance for homogeneous semi-

infinite diffusion [32]. The electrical resistance (Zʺ) is the 

real part of the impedance and the capacitive reactance (Zʹ) 

is the imaginary part of the impedance. (Zʹ) and (Zʺ) are 

given as follows [37]: 

 

222

2

1
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ggg

ggg
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g
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where θ is the phase angle and defined by: 

 

  











 

Z

Z1tan                                                          (7)  

                                                                                                         

where the resistance of grain (Rg) can be directly obtained 

from the intercept of the Z-axis [37]. The angular 

frequency of grain (ωg) is obtained at the maxima of the 

semicircle. As Z = Z, at maximum point in the semicircle, 

the capacitance (Cg) can therefore be calculated according 

to eq. (8) 

 

   

gg

g
R

C


1
                                                            (8)                                                                                                         

The relaxation time τg is obtained from the angular 

frequency at the maxima using the relations: 

 

gg

g

g RC



1

                                                          (9)                                                                                                  

But, 

 

gR

1
                                                                    (10)                                                                                                                             

So we can get 

  


1
gR                                                                  (11)                                                                                                                           

 

Substituting Eq. (11) in (9) we get, 

 

 



g

g

C
                                                                 (12)                                                                                                                          

 

where  denotes the conductivity and eq. (12) implies that 

the relaxation time is inversely proportional to conductivity 

in the present study. It is assumed that τg indicates the mean 

time between the two consecutive jumps of an anionic 

vacancy. The diffusion coefficient D is related to τg as 

follows [38]: 

 

            

g

d
D



 2

                                                (13)                                                                                                                                

 

Alternatively, the diffusion coefficient (D) is related to 

τg as follows: 

 

g

D


1
                                                       (14) 

From Eq. (13), d
2 

is the mean square jump distance 

between two adjacent anionic sites in the crystal lattice;  

and  are the correlation and geometric factor, 

respectively. For a two dimensional diffusion, = 4. Since 

the diffusion coefficient D is inversely proportional to the 

relaxation time in eq. (14), meaning that for a shorter τg, 

greater will be the diffusion coefficient, leading to a high 

ionic conductivity. In our present system, there is only one 

semicircle obtained at the higher frequency region, but no 

semicircle is obtained at the lower frequency region, which 

is not recognised adequately by the any such grain 

boundary region. The calculated values of equivalent 

circuit parameters are listed in Table 1 and this is clearly 

reflected by the low value of corresponding relaxation time 

τg. 
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Table 1. Equivalent circuit parameters estimated from the impedance 

spectra for Fe3O4@Au NPs. 
 

 
 

One specific semicircular arc which is exhibited in the 

impedance spectra of the material can be modulated by a 

series of association of one circuit. This circuit generally 

consist of resistor (Rg) and the capacitance (Cg) is arranged 

in parallel circuit (Rg     Cg) which is considered to be the 

grain interior contribution. The total resistance (R) of a 

material is now said to be a grain boundary resistance.  

The value of the initial resistance is 73.22 (k) for the 

Fe3O4@Au material. Resistance is generally frequency-

independent in nature. Resistance in no sense is described 

by  at all, so resistance is represented on a Nyquist plot by 

a single point on the Z (Fig. 5). On a Nyquist plot of Z 

against Z, the impedance of a capacitor is represented by a 

vertical line along the y-axis, with its value descending on 

the axis as the frequency increases rapidly, going from Z = 

0 when  =  to Z =  at  = 0. This feature of a pure 

capacitor is described as capacitive ‘spike’, because of the 

vertical nature of the line along the axis. In fact, 

semicircular features in Nyquist plots represent the layers 

that have both resistive and capacitive components, i.e. 

they behave as RC elements respectively. The linear part of 

spectrum is well fitted and depicted as a straight line whose 

slope is varied around the range of /4 resembling the 

Warburg-type diffusion [39]. 

 
Table 2. Thermodynamic parameters of Fe3O4@Au NPs. 
 

 
 

Electrical conductivity studies of Fe3O4@Au NPs 

The temperature dependence of ionic conductivity 

expressed by the Arrhenius equation as [40-44]: 
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where 0 is the pre-exponential factor of the 

conductivity, 0 actually depends on temperature, but less 

rapidly than exponentially, k is the Boltzmann constant, T 

the absolute temperature and Ea is the activation energy for 

the conductivity. 

On taking log on both the sides then we get,
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The temperature dependence of electrical conductivity 

for the Fe3O4@Au material is shown in Fig. 6. It shows 

that the conductivity was found to increase exponentially 

with an increase in temperature. The activation energy of 

material is calculated from the slope according to the 

Arrhenius equation using least square analysis of the 

experimental data (Table 2).  

 

 
 

Fig. 6. Temperature dependence of electrical conductivity for Fe3O4@Au 

NPs. 

 

The well-known Eyring equation from the theory of 

activated complex (transition state) can be written in the 

following form [18]: 
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where h is the Planck’s constant, R the gas constant, N the 

Avogadro’s number, T the temperature in Kelvin, ΔG the 

free of Gibbs energy of the material. 

The standard enthalpy (H) and entropy (TS) of the 

material can be calculated by 
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GHST                                                        (19) 

 

Equation (17) can be rewritten as follows [45]:     
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On taking log the expression gives, 
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Eq. (21) predicts a line fitting relationship between 

Rg (kΩ)               Cg (F)                                      τg(s)

624.053               4.414 10-6 2.754 10-3

Eα(kJ/mol)    ∆G( kJ/mol)   ∆S( kJ/mol)       ∆H( kJ/mol)

1.599                39.296              -0.132                  -0.635
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Fig. 7. Temperature dependence of log on electrical conductivity for 

Fe3O4@Au NPs. 

 

The interacting forces within Fe3O4@Au exhibits weak 

interaction such as electrostatic forces, hydrophobic 

interaction, hydrogen-bond formation, Van der Waals 

forces and stereo-hindrance effects [46]. The 

thermodynamic parameters, enthalpy change (H), entropy 

change (S) and free energy change (G) are the main 

evidence for confirming the binding modes. From the 

thermodynamic standpoint, H  0 and S  0 implies a 

hydrophobic interaction; H  0 and S  0 reflects van 

der Waals force or hydrogen bond formation; and H  0 

and S  0 suggests an electrostatic force. The positive S 

value can be taken as the evidence for hydrophobic 

interaction. The large positive value of S interprets the 

breaking of reflecting bonds which is indicated by 

mechanism of flow according to Eyring and co-worker 

whereas low value of S indicates that without breaking of 

bonds the permeation has taken place [18]. The formation 

of covalent bond between the permeable species and the 

material is due to negative value of S which also indicates 

that the rate determining step is not actually permeation 

through the material [47]. Furthermore, the negative H 

value observed cannot be mainly attributed to the 

electrostatic interactions since for electrostatic interactions 

H is very small, almost equals to zero. A negative H 

value is observed whenever there is a hydrogen bond on the 

binding site [48].  

The thermodynamic parameters of Fe3O4@Au material 

are listed in Table 2. The thermodynamic parameter, G 

found to be positive, whereas, H and TS values are 

negative depending upon the nature of the material. It is not 

possible to account for the thermodynamic parameters of 

the Fe3O4@Au on the basis of a single intermolecular 

force. Consequently, the negative H and S values 

suggest the hydrophobic and hydrogen bond interactions 

play major roles in the Fe3O4@Au and contributed to the 

stability of the Fe3O4@Au.
 
From the Table 2, it can also be 

seen that the H and S of Fe3O4@Au material are much 

smaller and the value of S > H. The positive value of 

G reveals that the interaction process is non-spontaneous. 

The value of G is obtained at 298K and the highest 

correlation coefficient R2 (0.99205) was found just for this 

material.
 

The dependence of Gibbs free energy values with 

respect to temperature for the Fe3O4@Au material is shown 

in Fig.8. From the figure, it appears that G is getting 

decreased with increase of temperature in contrast to the 

trends as reported by earlier investigators [3]. The 

temperature dependence of the corresponding Gibbs free 

energy of formation reported by different investigators 

suggests significantly more negative enthalpies of 

formation [4, 5]. Due to the energetically disturbed process 

of ion migration which lacked certain energetic barrier, the 

value of G remains positive in nature [44].  

 

Electrochemical characterization of Fe3O4@Au NPs 

Cyclic voltammetry is one of the most important 

electroanalytical techniques employed for interaction of 

metal complexes due to the similarity between various 

redox chemical processes [49]. To the best of authors’ 

knowledge, no experimental result from the systematic 

study has been reported yet on the voltammetric behaviour 

Fe3O4@Au NPs in the redox region. The electro-chemical 

redox properties of Fe3O4@Au NPs have been studied 

employing cyclic voltammetry in the applied potential 

range +1.0 to -1.0 V recorded at 0.05, 0.1, 0.2, 0.5 and 1.0 

Vs
-1

 scan rates with reference to Ag/AgCl electrode at 

room temperature, in presence of tetrabutylammonium 

perchlorates as a supporting electrolyte. The observed 

electro-chemical data, i.e. magnitudes of the reduction 

potentials  c

pE , oxidation potentials  a

pE  and half-wave 

potentials  0

21E  along with the representative typical 

cyclic voltammogram is shown in Fig. 9. The cyclic 

voltammogram for Fe3O4@Au NPs recorded at 0.05 Vs
-1 

scan rate exhibited a weak intensity irreversible cathodic 

wave at 
c

pE = -0.32 V, which gained as the scan rate was 

increased from 0.05 to 1.0 Vs
-1

. The voltammetric 

responses remain unchanged at different scan rates, which 

features that initial Fe3O4@Au NPs are regenerated during 

the potential cycle. One reduction and one oxidation peaks 

were observed. However, the voltammogram recorded at 

1.0 Vs
-1

 contained an additional weak intensity anodic 

wave at 
a

pE = -0.84 V, which can be coupled with the 

cathodic wave to generate a flattened quasi-reversible 

redox wave [50] with 
0

21E = +0.26 V, peak separation 

 a

p

c

p EEE 0.52 V and peak current ratio
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47.0c

p

a

p II . This is consistent with the formation of 

an anodic redox Au
3+

/Au
2+

 via one electron- redox process 

due to E value is larger than Nernstian value observed for 

a one electron transfer redox couple and therefore, 

indicates the formation of strong bonding between the 

Fe3O4@Au moieties and the electrode surface [51, 52]. 

This electro-chemical information can be correlated with 

the previously reported Cu
2+

/Cu
+
anodic redox potential 

data [53, 54].  It has been noted from Fig. 9 that the peaks 

showed different layers which reflect different mass-

transport mechanism at the electrodes. The curve at 

Fe3O4@Au gave a plateau shaped current which is 

attributed as spherical diffusion process at nanoelectrodes. 
 

 
 

Fig. 8. Temperature dependence of Gibbs free energy obtained for 

Fe3O4@Au NPs. 

 

 
 
Fig. 9. Cyclic voltammogram of Fe3O4@Au NPs in 10-3 M methanol 
solution at 0.05, 0.1 0.2 and 0.5 Vs-1 scan rates. 

 

Conclusion 

In conclusion, we report the studies of electrical 

conductivity and thermodynamic analysis of core-shell type 

Fe3O4@Au NPs. From the analysis of results, we see that 

the electrical conductivity increased with an increase of 

temperature and the impedance showed one capacitive 

semicircle as well as the low-frequency-inclined spike, 

attributed to the grain conductivity. The Arrhenius equation 

was used to study the temperature dependence of electrical 

conductivity and the value of activation energy for 

Fe3O4@Au material was found to be 1.599 kJ/mol.  Also, 

the thermodynamic parameters of G, H and S were 

determined for the Fe3O4@Au material and from the 

analysis of these parameters, the G evaluated is found 

positive, while the H and S values are negative. The 

negative value of S indicates that the partial 

immobilization of ions is due to interstitial permeation and 

the interaction between the ion with the fixed charge 

groups of the material skeleton [42]. Our results provide 

experimental evidence that the material is ionic in nature 

due to the appearance of the spikes in the complex 

impedance plane plots. However, the spike towards the 

lower frequency range in the impedance plots is attributed 

to the blocking of pathway due to the ionic migration. The 

cyclic voltammetry study indicates the presence of quasi 

reversible redox couple in the solutions, as the observed 

peak current ratio was less than 1.0. The observed result 

can be attributed to one electron transfer behaviour, as the 

separation of anodic and cathodic peak potential with the 

scan rate. Interestingly, the observation of low activation 

energy at low temperature range is the clear evidence for 

the material to be acting as a suitable candidate for ion 

conductor and has the potential applications in many solid 

state devices and electrochemical sensors.  
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