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Abstract 12 

A comparative study of the electrical conductivity of intermetallic and corresponding nanocomposites at room and the 13 

subzero temperature was carried out by experimental and theoretical techniques. Four series of intermetallic 14 

compounds (IMCs) and nanocomposites (NCs) of Al2O3, ZnO, TiO2, and CuO were synthesized by high-temperature 15 

reactive synthesis and sol-gel technique, respectively. Heat treatment of NCs was carried out at 100, 200, 300, and 16 

400C. Characterization of NCs was carried out by UV-visible, FTIR, FE-SEM, and XRD techniques. Computational 17 

study (DMol3, CASTEP, Forcite, Reflex, and VAMP) was carried out to study the electronic and optical properties 18 

of metal nanoparticles. The influence of heat treatment, the addition of coinage metal and ferromagnetic material, 19 

effect of a decrease in temperature on the electrical conductivity of IMCs and NCs were thoroughly investigated. The 20 

electrical conductivity of NCs was found to increase with an increase in heat treatment temperature (up to 400C) and 21 

with the decrease in temperature (70C). The addition of Hematite, α-Fe2O3, and coinage metal do not significantly 22 

increase the electrical conductivity of NCs at room temperature. The electrical conductivity of NCs was found to be 23 

higher than IMCs and coinage metals. Hence, synthesized NCs can have a large number of potential applications in 24 

nanowires, quantum dots, and nano cables with very low resistivity (10-6 m-1).  25 

 26 
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1 Introduction           30 

Nowadays hybrid materials based on metal-metal nanocomposites (NCs) are constantly in demand for their use in 31 

sensors, energy storage devices, fuel cells, capacitors, rechargeable battery electrode material, solar panel, electronics, 32 

etc. Researchers are constantly working towards the fabrication of room temperature and subzero superconductors as 33 

well as high-temperature superconductors. Few metals having a critical temperature, Tc near to 1 K like aluminum, 34 

titanium, zinc, copper, vanadium, niobium (Tc = 9.2 K), gallium, mercury, indium, tin, and lead become 35 

superconductor below their critical temperature. “Recently, superconductivity was observed at a very low temperature 36 

in organometallic compounds, perovskite, ceramics, cuprates, semiconductors, iron pnictides, iron chalcogenides, rare 37 

earth borocarbides, etc. [1-4].  NCs of different metal oxide shows a high order of conductivity due to their quantum 38 

size effects [5,6].  Hybrid materials-based metal oxide NCs have gained much attention due to their advanced 39 

functional properties resulting due to their small size. Nanotubes, nanowires, nanorods, quantum dots, nano cables, 40 

nanobelts were synthesized by different research groups and their electrical, optical, mechanical, luminescent 41 

properties were used in electronic, optical, mechanical, photonics applications [7,8]. Most of the metal oxides like tin 42 

oxide, titanium dioxide, tungsten oxide, zinc oxide, alumina, iron oxide shows AC electrical conductivity in the range 43 

of intrinsic semiconductors i.e., they show wide-bandgap between valence and conduction band” [9]. To the best of 44 

our knowledge, no researchers have so far reported the comparative electrical conductivity of IMC and NCs of Al, 45 

Zn, Ti, and Cu at NTP (20C), the triple point of water (0.01C) and dry ice temperatures both by theoretical and 46 

experimental techniques.  47 

 48 

In this paper, four series of intermetallic compounds (IMCs) and corresponding metal NCs of aluminum, zinc, 49 

titanium, and copper were synthesized by self-propagating high-temperature reactive synthesis and sol-gel technique, 50 

respectively. Characterization of IMC and metal NCs was carried out by UV-visible, FTIR, FE-SEM, and XRD 51 

techniques. For the first time, computational chemistry (Density Functional Theory) was used to study the electronic 52 

and optical properties of synthesized metal oxide nanoparticles, and the same was supported by different experimental 53 

techniques. The electrical conductivity of four NCs was compared with corresponding IMCs and coinage metals.  54 

 55 

2 Materials and Methods   56 

2.1 Materials  57 

AR grade aluminum oxide of 99.997% purity (CAS No. 1344-28-1) was procured from Sigma-Aldrich Chemicals 58 

Pvt. Ltd., Bangalore (India). AR grade titanium dioxide of 99.5% purity (CAS No. 13463-67-7) was procured from 59 

Sigma-Aldrich Chemicals Pvt. Ltd., Bangalore (India). AR grade copper (IV) oxide of percentage purity greater than 60 

99% (CAS No. 1317-38-0) was procured from Himedia Chemicals Pvt. Ltd., Mumbai (India). AR grade zinc oxide 61 

of 99.0 % purity (CAS No. 1314-13-2) was procured from Merck Chemicals Pvt. Ltd., Bangalore (India).  62 

          63 

2.2 Methods 64 

Step 1. Synthesis of intermetallic compounds (IMCs)  65 

Four series of IMCs of aluminum, zinc, titanium, and copper were synthesized by reactive synthesis method based on 66 

Kirkendall effect (Self-propagating High-temperature Synthesis, SHS) followed by sintering process by using 67 
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different compositions of their metal oxides like aluminum, Zinc, Titanium, and Copper. Table 1 shows the 68 

composition of four series of IMCs. Different compositions of metal oxides (%age by mass) were taken for the reactive 69 

synthesis of IMCs followed by the sintering process i.e., heating the IMCs at a rate of 5 C per min up to a maximum 70 

temperature of 600C. After that, IMCs were left in the muffle furnace overnight for attaining room temperature.  71 

 72 

Step 2. Synthesis of metal nanocomposites (NCs) 73 

Four series of NCs of alumina (Al2O3), zinc oxide (ZnO), titanium dioxide (TiO2), and copper oxide (CuO) were 74 

synthesized by the sol-gel method [10, 11]. 0.5 M solution of Al2O3, ZnO, TiO2, and CuO were prepared in 500 mL 75 

double distilled water (conductivity 0.5 µmhos/cm). Few drops of dilute nitric acid were added to make the solution 76 

acidic. The solution was labeled as A. 0.1 M oxalic acid and pure ethanol solution were prepared in the ratio of 1:4. 77 

The solution was labeled as B. Now, B was added to A drop by drop with continuous stirring (rpm 400) at 70C for 6 78 

h. A jelly-like substance was formed. Kept in an electric oven for drying at 100C for 24 h. Washing was carried out 79 

with acetone till pH 7 of washing solution followed by drying at 100C in an electric oven for 24 h. NCs were divided 80 

into different parts to perform heat treatment of samples up to 400C by keeping the samples in a muffle furnace and 81 

subjected to a uniform heating rate of 5C per min.   82 

 83 

Step 3. Synthesis of ferromagnetic Hematite, α-Fe2O3, and coinage metal NCs 84 

The 0.5 M solution of iron oxide and 0.5 M solution of silver and copper oxide was added as a dopant to AZTC NCs 85 

by the ex-situ method. The purpose of the addition of iron oxide and coinage metal as a dopant in NCs was to see the 86 

effect of the introduction of magnetic properties and highly conducting metals (noble metals) on the conductivity of 87 

NCs.  Table 6 shows the different concentrations of Hematite used in the four metal NCs. Table 7 shows the addition 88 

of coinage metal (Cu and Ag) in the different ratios (0.5 M) to AZTC NCs. 89 

 90 

Step 4. Measurement in electrical conductivity and bandgap. 91 

The optical band gap of four series of metal NCs and IMCs was measured by UV-visible spectroscopy, multi-meter 92 

(Jaypee, India Pvt. Ltd.), and LCR meter (HTC digital LCR meter, 4070). The electrical conductivity was measured 93 

at room temperature, 18 and 78 0C. The 18 0C temperature was attained by the deep freezer and 78 0C was 94 

attained by dry ice packs.  95 

 96 

For measuring electrical conductivity, metallic wires of IMCs and metal NCs were formed by using mineral oil. 97 

Metallic wires were polished using emery papers of different grades (100 to 600 µ) from both ends. Both the ends 98 

were then cleaned with acetone. The diameter and thickness of the metallic wires were measured. For making electrical 99 

contact with terminals of the connector, silver paint was applied at both ends. The electrical conductance, capacitance, 100 

and resistance of four series of IMCs and NCs were recorded. Table 2 shows four series of metal NCs synthesized by 101 

the sol-gel method by making metal salts solution in definite proportion.  Table 3 shows the capacitance and electrical 102 

conductivity of IMCs and their metal oxide NCs of Al2O3, ZnO, TiO2, and CuO measured with the help of a multimeter 103 

and LCR meter. Table 4 shows the electrical conductivity by multimeter and LCR meter and optical bandgap 104 

calculated by using UV-visible spectroscopy. 105 
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2.3 Characterization of IMCs and NCs        106 

Characterization of IMCs and NCs was carried out by FTIR (Make Bruker ATR-IR), UV-visible (Make Shimadzu 107 

UV-2600), XRD (Make Brooker D8-Advance, 2.2 kW Cu Anode), and FE-SEM (Make FEI FESEM Quanta 200 108 

FEG). Fig. 1 shows UV-visible absorption spectra of four IMCs and NCs. Fig. 2 shows the optical band-gap calculated 109 

by Tauc relation with the help of UV-visible spectroscopy. Fig. 3 shows FTIR spectra of AZTC NCs in the range of 110 

550 to 4000 cm-1. FTIR absorption spectra show characteristics absorption peaks in the fingerprint region. Fig. 4 111 

shows the X-ray diffraction pattern of four series of IMCs. Fig. 5 shows the X-ray diffraction pattern of four series of 112 

AZTC NCs. The order of crystallinity present in AZTC NCs was investigated by using Bruker X-ray diffractometer 113 

using CuKα beam of radiation having wavelength 1.5406 A0. The crystalline phase of four AZTC NCs was compared 114 

with standard JCPDS card file No. 36-1451. Average particle size was calculated using the Scherrer Eq. (1) [12]: 115 

  𝑑 =  𝐾 × 𝛽 ×𝐶𝑜𝑠         (1) 116 

Here, d represents average particle size,  represents the wavelength of incident radiation, β represents full angular 117 

width at half of maximum intensity diffraction peak, K represents a constant known as Scherrer’s constant and whose 118 

value is 0.94 and   represent the angle of diffraction in the X-ray diffraction pattern. Fig. 6 shows FE-SEM images 119 

of alumina (Al2O3), zinc oxide (ZnO), titanium dioxide (TiO2), and copper oxide (CuO) NCs. 120 

 121 

2.4 Computational study 122 

The theoretical study of synthesized metal oxide NPs was carried out by Gaussian09 and Material Studio 2017, USA 123 

software. The electronic and optical properties were studied by geometry optimization, energy, energy density, 124 

frequency, and orbital studies by DMol3, CASTEP, Forcite, Reflex, and VAMP modules. Fig. 7 shows DMol3 density 125 

of states (DOS), Forcite radial distribution function (RDF), Forcite X-ray intensity versus 2 (XRD), Forcite X-ray 126 

intensity versus scattering vector, full width at half maxima (FWHM) versus 2, CASTEP band structure, CASTEP 127 

density of states (DOS), and 3D molecular crystal structure depicting reciprocal lattice and Brillouin zone paths of 128 

Al2O3 obtained from Materials Studio 2017 software. Fig. 8 shows CASTEP band structure, CASTEP density of states 129 

(DOS), Forcite X-ray intensity versus 2 (XRD), Forcite X-ray intensity versus scattering vector, Forcite geometry 130 

optimization for energy (GO), Forcite radial distribution function (RDF), XRD, Full width at half maxima (FWHM) 131 

versus 2, the spatial distribution of atoms and 3D molecular structure showing reciprocal lattice and Brillouin zone 132 

paths of CuO nanoparticles. Fig. 9 shows CASTEP band structure, DMol3 DOS, Forcite concentration profile, Forcite 133 

radial distribution function (RDF), Forcite X-ray intensity versus scattering vector, XRD, Full width at half maxima 134 

(FWHM) versus 2, CASTEP optical properties, 3D crystal structure, spatial distribution of atoms, and 3D molecular 135 

structure showing reciprocal lattice and Brillouin zone paths of TiO2 nanoparticles. Fig. 10 shows CASTEP band 136 

structure, CASTEP DOS, Forcite concentration profile, CASTEP optimization convergence, Forcite radial distribution 137 

function (RDF), Forcite X-ray intensity versus scattering vector, XRD, Full width at half maxima (FWHM) versus 138 

2, 3D molecular plane, 3D molecular crystal structure showing reciprocal lattice and Brillouin zone paths of ZnO 139 

nanoparticles.  140 

 141 
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The density of states (DOS) plots give a quick qualitative picture of the electronic structure of NPs and can be related 142 

directly to experimental spectroscopic results. The density of states for a given band n, Nn(E) was calculated by using 143 

Eq. (2).  144 

 𝑁𝑛(𝐸) =  ∫ 𝑑𝑘4𝜋3 𝛿(𝐸 − 𝐸𝑛(𝑘))      (2) 145 

Here 𝐸𝑛(𝑘) represents the dispersion of a given band and integral was determined over the Brillouin zone. The DOS 146 

represents the number of allowed wave vectors in the nth band in the energy range E to (E + dE). The total DOS, N(E) 147 

was obtained by summation over all bands. The DOS was also helpful to understand the changes in the electronic 148 

structure of NPs caused by external environmental factors.  149 

 150 

The band structure plot shows how electronic energies depend on the k-vector, along with high symmetry directions 151 

in the Brillouin zone. The band structure was helpful in the qualitative analysis of the electronic structure of NPs. 152 

Band structure also helps in explaining the anisotropy of the optical properties. The optical energy band gap (CASTEP) 153 

was calculated from the energy difference between two states at high symmetry points.  154 

 155 

3 Results and discussion  156 

Figs. 1 and 2 show the optical band of four series of IMCs and NCs obtained from the UV-visible spectroscopy 157 

technique. Fig. 3 shows FT-IR absorption spectra of four series of NCs. The absorption peak at 1374 cm-1 in NC-1 158 

may be due to Zn-O and absorption peaks at 445 to 550 cm-1 are due to Ni-O [13]. A small band at 950 cm-1 in the 159 

fingerprint region of NC-1 corresponds to Al-O. Two small peaks at 635.8 and 690.4 cm-1 in the fingerprint region of 160 

NC-1 corresponds to Cu-O. The absence of any absorption peak in the functional group region shows the purity of 161 

NC-1. A broad peak at 3360 cm-1 in the NC-2 may be due to moisture present as an impurity.  The absorption peak at 162 

1350 cm-1 in NC-2 may be due to ZnO. The absorption peak at 1374 cm-1 in NC-3 is due to Zn-O in NCs. The peaks 163 

corresponding to NiO are absent in the FTIR spectrum of NC-3. The peaks at 633 and 658 cm-1 are due to Cu-O 164 

stretching vibrations in NC-3. The absorption peak at 1374 cm-1 in NC-4 may be due to Zn-O and absorption peaks at 165 

445 to 550 cm-1 are due to Ni-O stretching vibration. A small peak at 3400 cm-1 in NC-4 may be due to moisture 166 

present as an impurity.  In all the four IR spectra, the functional group region is almost transparent. This shows the 167 

purity of all the four synthesized NCs (Fig. 3).  168 

The average particle size obtained for four series of NCs was found to be in the range of 80-100 nm. “It is very difficult 169 

to explain the DC electrical conductivity of NCs only based on the X-ray diffraction pattern as it depends upon the 170 

number of factors like order of crystallinity, amorphous or crystalline character, presence of defects in crystal 171 

structures, presence of dopants, impurities or vacancies or holes in nano-crystalline phase structure” [14]. It was 172 

observed from the X-ray diffraction pattern of NC-2 and NC-3 that the 1-2-3 oxide layered structure is responsible for 173 

high conductivity which is due to conducting oxide layer of CuO act as a hole and alumina and zinc oxide act as charge 174 

reservoir (electrons) [15]. A clear shift in diffraction pattern peaks towards higher angles was observed in the case of 175 

AZTC NCs (Fig. 5). Characteristics ZnO peaks were observed at 23 (100), 27 (002), and 410 (101) corresponding to 176 

the Wurtzite structure of ZnO [16].  Ionic radius and the metal-metal bond length was observed by using Athena 177 

software [17]. The ionic radius of Zn2+ and Ni2+ ions was found out to be 0.60 and 0.55 A0, respectively. Characteristics 178 

diffraction peaks in Fig. 4 at 15, 20, 50, and 580 correspond to metal-metal peaks of Ni-Al [18]. Diffraction peaks at 179 
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22, 26, 34, and 540 correspond to Ti-Al metallic bond due to the formation of TiAl3, TiAl2, and TiAl IMC [19]. The 180 

formation of TiAl3 intermetallic compound is further confirmed by the change in enthalpy value (H = 146.44 181 

kJ/mol) by DSC technique [20]. Nickel and zinc are said to be siderophiles. Copper and zinc are termed chalcophile. 182 

Copper and zinc are present adjacent to each other in the period and show almost identical chemical properties like 183 

ionic and atomic radii, electrode potential, atomic weight, etc. Due to this, Cu and Zn form sulfides, carbonates, oxides, 184 

and Zn-Cu IMCs [21]. In absence of elemental sulfur, Cu-Zn IMCs are formed which is confirmed by peaks at 21 185 

(100), 25 (110), and 39 (011) in AZTC NCs 2 and 4 (Fig. 5) [22]. After the sintering process at 600C, no significant 186 

changes in shape (deformation or contraction) were observed for AZTC IMCs confirmed by XRD and FE-SEM 187 

techniques.  188 

 189 

The NC-1 and NC-3 show some puffy ball-like structures whereas NC-2 and NC-4 show the more compact, spherical, 190 

and uniform ball-like structures of NCs (Fig. 6). An increase in the concentration of copper and aluminum in AZTC 191 

NCs results in swelling (puffy balls) and an increase in the concentration of nickel and zinc results in compactness in 192 

AZTC NCs. Uniform mixing of all the four metal oxides in NCs was observed during their sol-gel synthesis.  193 

 194 

Table 5 shows different Holm factor and fit parameters obtained from the Holm equation [23] under different heat 195 

treatment temperatures for all four series of NCs, respectively. Holm factor, β, is termed as plastic contact whose value 196 

was found to be 0.33 at 400 C and 0.51 at 100 C. Holm factor of 0.51 represents elastic contact between the 197 

nanoparticles of AZTC NC-3 [24].  An increase in heat treatment temperature (100 to 400 C) leads to an increase in 198 

plastic contact between nanoparticles which increases electrical conductivity. The same was confirmed from the FE-199 

SEM image (Fig. 6) i.e., puffy balls (Holm factor, β, = 0.5) and compacted regular spherical shapes (Holm factor, β, 200 

= 0.33) of AZTC NCs. 201 

 202 

The theoretical study (computational) was performed to investigate band structure, optical bad gap, the density of 203 

states, XRD (theoretical), FWHM versus 2, optical properties, radial distribution function (RDF), reciprocal lattice, 204 

and Brillouin zone paths for Al2O3, CuO (anatase), TiO2 and ZnO NPs, respectively (Figs. 7-10). Band structure charts 205 

show how electronic energies depend on the k-vector, along with high symmetry directions in the Brillouin zone. 206 

Band structure of Al2O3, CuO (anatase), TiO2, and ZnO NPs also helps in qualitative analysis of the electronic structure 207 

and optical properties. In Fig. 7(G), the electronic states with different spins of Al2O3 NPs are presented using different 208 

colors, and Fermi levels are shown by the dashed line. All the energies are related to the Fermi level. The labels along 209 

the X-axis of the band structure graph corresponds to a standard definition of high symmetry points for the given 210 

lattice type. The  symmetry point is denoted by G. The maximum band gap observed in the case of Al2O3 NPs was 211 

5.538 eV at F and Z symmetry points.  In Fig. 7(H), CASTEP density of states (DOS) represent Gaussian smearing of 212 

energy levels of each and followed by histogram for different k-points. In the CASTEP module, linear interpolation 213 

in parallelepipeds formed by k- points of Monkhorst-Pack set followed by histogram sampling of resultant set of band 214 

energies was used. The DOS provides characteristics information such as the width of the valence band, energy gap, 215 

and number and intensity of wave vectors to electron energies. The radial distribution function (RDF) was carried out 216 

by the Forcite module for finding the probability function, g(r) between Al and O atoms for the distance (r) in a random 217 

atomic scattering procedure. Fig. 7(B) shows RDF between Al and O atoms. The maximum distance selected was 20 218 
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A0 and the interval was 0.01 A0. The g(r) was found to have a maximum up to 9 A0 after that it was almost constant. 219 

Fig. 7(D) shows the Forcite module for X-ray intensity versus scattering vector, Q and it was observed that intensity 220 

of X-ray first decreases linearly and then exponentially with scattering vector. The full width at half of the maxima 221 

(FWHM) was found to increase linearly with an increase in scattering angle (Fig. 7, E). The highest intensity peak in 222 

theoretical XRD spectra was observed at 2 = 35 for Al2O3 NPs (Fig. 7 (F)).  223 

 224 

Fig. 8(A) shows the CASTEP band structure for CuO NPs with almost zero bandgaps near G symmetry point. Fig. 225 

8(B) shows DOS for CuO NPs. The intensity of the wave vector was found to be highest in the negative region of 226 

energy. Fig. 8(D) shows the Forcite module for X-ray intensity versus scattering vector, Q and it was observed that 227 

intensity of X-ray first decreases linearly and then exponentially with an increase in scattering vector. The radial 228 

distribution function (RDF) was carried out by the Forcite module for finding the probability function, g(r) between 229 

Cu and O atoms for the distance (r) in a random atomic scattering procedure. Fig. 8(F) shows RDF between Cu and 230 

O atoms. The maximum distance selected was 20 A0 and the interval was 0.01 A0. The g(r) was found to have a 231 

maximum up to 12 A0 after that it was almost constant. The highest intensity peak in theoretical XRD spectra was 232 

observed at 2 = 35.8 and 39 for CuO NPs (Fig. 8, C). Fig. 8(E) shows the variation in CuO enthalpy per step Forcite 233 

module of geometry optimization performed to a maximum of 21 steps. It was observed that the enthalpy of CuO 234 

decreases from 608 to 600 kcal/mol after 4 step optimization and then remains almost constant.  235 

 236 

Fig. 9(A) shows the CASTEP band structure for TiO2 NPs with a constant bandgap of 2.121 eV at G, X, P, and N 237 

symmetry points. From the bandgap study, it was observed that the electrical conductivity of TiO2 was higher than 238 

Al2O3 but lesser than CuO NPs. Fig. 9(B) shows DMol3 DOS for TiO2 NPs. The intensity of the wave vector was 239 

found to be higher in the positive region of energy. The relative concentration of Ti atoms (Fig. 9 (C) at different 240 

surface was found in the following order: Ti (001) > Ti (010) > Ti (100). Fig. 9(D) shows RDF between Ti and O 241 

atoms. The maximum distance selected was 20 A0 and the interval was 0.01 A0. The g(r) was found to have a maximum 242 

up to 9 A0 after that it was almost constant. Fig. 9(E) shows the Forcite module for X-ray intensity versus scattering 243 

vector, Q and it was observed that intensity of X-ray first decreases linearly and then exponentially with an increase 244 

in scattering vector. The highest intensity peak in theoretical XRD spectra of TiO2 (anatase) NPs was observed at 2 245 

= 25 (Fig. 8, F). The full width at half of the maxima (FWHM) was found to increase linearly with an increase in 246 

scattering angle (Fig. 9, G). Fig. 9(H) shows CASTEP optical properties of TiO2 NPs performed at scissors operator 247 

= 0 eV, smearing at 0.05 eV and polarization direction (100). The intensity of reflectivity was found to decrease with 248 

an increase in frequency and becomes zero at a frequency of 60 eV.  249 

 250 

Fig. 10(A) shows the CASTEP band structure for ZnO NPs with an average bandgap of 0.765 eV and zero at G and 251 

L symmetry points. Hence, from the bandgap study, it was concluded that the order of electrical conductivity of four 252 

NPs is CuO > ZnO > TiO2 > Al2O3. Fig. 10(B) shows CASTEP DOS for ZnO NPs. The intensity of the wave vector 253 

was found to be higher in the negative region of energy. The relative concentration of Zn atoms (Fig. 10 (C) at different 254 

surface was found in the following order: Zn (010) > Zn (001) > Zn (100) > Zn (001). Fig. 10(E) shows RDF between 255 

Zn and O atoms. The maximum distance selected was 20 A0 and the interval was 0.01 A0. The g(r) was found to have 256 

a maximum up to 12 A0 after that it was almost constant. Fig. 10(E) shows the Forcite module for X-ray intensity 257 
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versus scattering vector, Q and it was observed that intensity of X-ray first decreases linearly and then exponentially 258 

with an increase in scattering vector. The highest intensity peak in theoretical XRD spectra of ZnO NPs was observed 259 

at 2 = 36.4 (Fig. 10, G). The full width at half of the maxima (FWHM) was found to increase linearly with an increase 260 

in scattering angle (Fig. 10, H).  261 

 262 

The electrical conductivity of Al2O3, ZnO, TiO2, and CuO NCs increases with a decrease in temperature i.e., 25C to 263 

70C at normal atmospheric pressure (Fig. 11). The highest electrical conductivity was observed for NC-2 followed 264 

by NC-3 and then NC-4 and then NC-1 at 70C. Metal NC-2 has the highest ratio of Al2O3 followed by CuO and 265 

then ZnO and NiO2. The high order of conductivity observed in the case of NC-2 was due to the increase in electrical 266 

contact between Al2O3 (charge reservoir) and CuO (acting as a hole) with a decrease in temperature.  267 

 268 

The electrical conductivity of Al2O3, ZnO, TiO2, and CuO NCs was also found to increase with an increase in heat 269 

treatment temperature i.e., 100 to 400C at normal atmospheric pressure (Fig. 12). Electrical conductivity was found 270 

to be maximum for NC 3 followed by NC 2 and then NC 4 and NC 1 at 400C. This increase in electrical conductivity 271 

with the increase in heat treatment temperature (Table 5) was due to a decrease in the Holm factor, β, termed as plastic 272 

contact whose value was observed to be 0.33 at 400C and 0.51 at 100C. Holm factor of 0.51 represents elastic contact 273 

between the nanoparticles of metal NC-3 [24].  An increase in heat treatment temperature leads to an increase in plastic 274 

contact between nanoparticles which increases electrical conductivity.  275 

The absorption coefficient () was obtained from the value of maximum absorption, Amax., obtained from UV-visible 276 

absorption spectra, by Eq. (3) [25]. 277 

     = 2.303 × 𝐴𝑚𝑎𝑥.𝑡      (3) 278 

Here, Amax is maximum absorption and t is the thickness or path length. The value of band-gap, (Eg), was calculated 279 

by using Tauc relation, Eq. (4) [26]. 280 

    𝛼 =  𝛽 (ℎ𝑣−𝐸𝑔)𝑛ℎ𝑣      (4) 281 

The optical bandgap (Eg), calculated from Tauc relation by the use of UV visible spectroscopy for four different IMCs 282 

and their corresponding NC and are shown in Figs. 1 and 2, respectively. The optical band gap for four IMCs was 283 

found approximately equal to 2. The optical band gap was found to be minimum for IMC-1 and maximum for IMC-284 

2. The optical band gap (Eg), for four series of metal NCs were found to be less than 1 (Fig. 2). The optical band gap 285 

was found to be minimum for metal NC-3 and maximum for metal NC-1 but still less than all the four IMCs.  286 

 287 

The effect of the addition of ferromagnetic Hematite, α-Fe2O3 in the different ratio (0.5 M) to form Ferrite/  288 

metal NCs were also investigated. Table 6 shows the different concentrations of Hematite used in the four series of 289 

metal NCs. The effect of the addition of coinage metal (Cu and Ag) in the different ratios (0.5 M) to form four series 290 

of coinage metal NC (CM) are shown in Table 7. Table 8 shows the DC electrical conductivity measured by 291 

multimeter, LCR meter, and optical bandgap calculated by using UV-visible spectroscopy technique for four different 292 

metal NCs having the different composition of Hematite (α-Fe2O3).  Table 9 shows DC electrical conductivity 293 

measured by multimeter, LCR meter, and optical bandgap calculated by using UV-visible spectroscopy technique for 294 

four different metal NCs having the different composition of coinage metals i.e., copper and silver. From Tables 8 and 295 
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9, it was concluded that the addition of Hematite and coinage metals does not increase the electrical conductivity of 296 

NCs to a very significant extent. But the addition of coinage metal to the NCs increases the cost of NCs to a significant 297 

effect.  298 

4 Conclusions 299 

Four series of IMCs and NCs of Al2O3, ZnO, TiO2, and CuO (anatase) were synthesized by self-propagating high-300 

temperature reactive synthesis and sol-gel technique (ex-situ), respectively. DC electrical conductivity of NCs was 301 

compared with their IMCs. Characterization of IMCs and NCs was carried out by UV-visible, FTIR, FE-SEM, and 302 

XRD techniques. The theoretical (computational) study was carried out to study the electrical and optical properties 303 

of synthesized four metal NPs. The average particle size observed from the X-ray diffraction study for NCs was found 304 

to be 80 -100 nm. The electrical properties of IMCs and corresponding NCs were found to be different. The order of 305 

electrical conductivity of four NPs was found in the following order: CuO > ZnO > TiO2 > Al2O3. In IMCs, electrical 306 

conductivity increases with an increase in the concentration of Ti and Al but in NCs electrical conductivity increases 307 

with an increase in the concentration of Al2O3 and CuO. The layered structure of NCs was responsible for a high order 308 

of conductivity in which conducting oxide layer of CuO (act as a hole) and Al2O3 and ZnO act as charge reservoir 309 

(electrons). The electrical conductivity of metal oxide NCs increases with an increase in heat treatment temperature 310 

(up to 400C) and also increases with a decrease in temperature (70C). An increase in electrical conductivity with 311 

heat treatment temperature was due to an increase in plastic content and a decrease in the Holm factor, β. The addition 312 

of Hematite, α-Fe2O3 (ferromagnetic), and the addition of coinage metals (Ag and Au) in NCs does not significantly 313 

increase the electrical conductivity. The room temperature electrical conductivity of NCs was found to be higher than 314 

IMCs. Hence, synthesized NCs can have a large number of potential applications in sophisticated electronic 315 

appliances.  316 
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Figures

Figure 1

Optical band energy gap (eV) observed for four series of IMCs using Tauc relation calculated from
absorption maxima observed from UV-visible spectroscopy



Figure 2

Optical energy band gap (eV) calculated from Tauc relation for four series of NCs by using absorption
maxima, Amax., observed from UV-visible spectroscopy.



Figure 3

FTIR absorption spectra of four series of AZTC, NCs.



Figure 4

X-ray diffraction pattern of four series of Al2O3, CuO, TiO2 and ZnO IMCs.



Figure 5

X-ray diffraction pattern of four series of Al2O3, CuO, TiO2 and ZnO NCs.



Figure 6

FE-SEM images of four Al2O3, CuO, TiO2 and ZnO NCs synthesized by Sol-gel technique.



Figure 7

DMol3 Density of States (A), Forcite radial distribution function (B), Forcite X-ray intensity versus 2θ (C),
Forcite X-ray intensity versus scattering vector (D), Full width at half maxima versus 2θ (E), CASTEP band
structure (G), CASTEP density of States (H), and 3D molecular crystal structure showing reciprocal lattice
and Brillouin zone paths of Al2O3 obtained from Materials Studio 2017 software.



Figure 8

CASTEP band structure (A), CASTEP Density of States (B), Forcite X-ray intensity versus 2θ (C), Forcite X-
ray intensity versus scattering vector (D), Forcite geometry optimization for energy (E), Forcite radial
distribution function (F), XRD (G), Full width at half maxima versus 2θ (H), spatial distribution of atoms
(I) and 3D molecular structure reciprocal lattice and Brillouin zone paths of CuO nanoparticles obtained
from Materials Studio 2017 software.



Figure 10

CASTEP band structure (A), CASTEP Density of States (B), Forcite concentration pro�le (C), CASTEP
optimization convergence (D), Forcite radial distribution function (E), Forcite X-ray intensity versus
scattering vector (F), XRD (G), Full width at half maxima versus 2θ (H), 3D molecular plane (I), 3D
molecular crystal structure showing reciprocal lattice and Brillouin zone paths of ZnO nanoparticles
obtained from Materials Studio 2017 software.



Figure 11

Variation in DC electrical conductivity of four series of Al2O3, ZnO, TiO2 and CuO (anatase) NCs with
temperature.



Figure 12

Variation in DC electrical conductivity of Al2O3, ZnO, TiO2, and CuO (anatase) NCs with heat treatment
temperature.
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