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Zinc cobalt oxide nanostructures were synthesized by electrochemical deposition of zinc-
cobalt alloy at various bath temperatures (15, 30, 45 and 60 ˚C) and its hydrothermal 
oxidation at 100 ˚C. X-ray diffraction pattern and Raman spectroscopy data reveals the 
formation of spinal structure of ZnCo2O4. Photoluminescence spectra of the samples 
exhibit broad peaks with a red shift in the emission energy. Diffused reflectance 
spectroscopy measured the band gap of the synthesized materials; band gap is 3.06, 3.03, 
3.02 and 2.99 eV, for samples electrodeposited at 15, 30, 45 and 60 ˚C, respectively. 
Optical conductivity of synthesized materials decreases with increasing deposition layers 
while reflectance shows opposite trend. Thermoelectric set up measures the change in 
potential difference through synthesized materials when different temperatures are applied 
and an increment in potential were observed. Seebeck co-efficient and power factor are 
also studied as function of bath temperature. 
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1. Introduction 
 
The increase in population is responsible for the increase in demand for energy. However, 

86% of the energy demand is fulfilled by the combustion of fossil-fuels. The limited availability of 
fossil-fuels in future, emission of toxic gases causing global warming and cost problems have led 
researchers to search alternative nontoxic, low-cost renewable resources [1-3]. Several renewable 
energy resources like solar, hydro, wind and Biomass are contributing to the society. In this 
particular scenario, thermoelectricity serves as method enabling the transformation of heat into 
electrically energy without moving parts. Even though thermoelectric devices fall significantly 
short of reaching 20% efficiency [4], their utilization remains inevitable due to the technology’s 
indispensability. Thermoelectric devices not only generate energy but also reduce global warming 
(increasing on daily base due to liberation of heat from automobiles and industries etc.) without 
producing any negative impact. The effectiveness of thermoelectric devices is quantified by the 
dimensionless figure of merits (ZT) of the materials measured by, [ZT= (S^2 σT)/k] where ‘S’ 
represents Seebeck coefficient, ‘σ’ electrical conductivity, ‘T’ temperature, ‘k’ represents thermal 
conductivity and S2σ represents power factor, an influential criterion in the quest for efficient 
thermoelectric materials [5]. In order to achieve superior thermoelectric performance, the materials 
must exhibit minimal thermal conductivity ‘k’, heightened electrical conductivity ‘σ’ and 
significant thermopower ‘S’; This objective can be accomplished through techniques such as nano-
structuring, band manipulation, and the induction heavy elements via doping. Currently 
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conventional materials predominantly consist of intermetallic compounds based on heavy metals 
that are commercially available [6, 7]. Nevertheless, the utilization metallic materials are 
constrained by their restricted operational temperature range, susceptibility to oxidation in 
atmospheric conditions, environmental concerns regarding heavy elements, high toxicity and 
scarcity of resources. Due to the numerous limitations associated with the intermetallic compounds 
(like as Bi2Te3, PbTe, Cu2Te, and SnSe) there has been a significant surge of metal oxide base 
thermoelectric materials over the past few decades. Despite the fact that the metal oxide based 
thermoelectric materials exhibit less efficiency than intermetallic compounds, they have garnered 
significant research attention due to their appealing attributes including; robustness at elevated 
temperatures, nontoxicity, cost effectiveness and eco-friendliness [8-13]. During the period 
spanning from 1950 to the 1970 there was surge in exploration for oxide thermoelectric materials. 
Concurrently, researches in the United States delved into the intrinsic characteristics of grown 
oxide single crystals through the utilization of thermoelectric effects. Since the 1990, the pursuit of 
oxide thermoelectric materials, originating in Japan has expanded globally encompassing Europe, 
the United States, Asia and India. It has been documented that certain oxides may demonstrates 
parameters surpassing ZT >1, exceeding those of PbTe.  

Thermoelectric oxides have long historic background. During the era between 1950 to the 
1970 often referred to as initial surge, significant attention was devoted to exploring the 
thermoelectric characteristics of numerous straightforward conducting oxides such as CdO, NiO, 
ZnO, In2O3, SrTiO3, rutile-TiO2, SnO2, Cu2O and Fe3O4 were investigated in 1st Boom for the 
estimation of physical characteristics of like as effective mass of carriers [14-22]. The 
superconducting oxides (high Tc) like as La2CuO4, La-Ba-Cu-O, YBa2-Cu3O7-δ, and Tl-Ca-Ba-
Cu-O, were investigated for thermoelectric properties in 2nd Boom [23-27]. Some other 
superconducting materials (high Tc) like as CaMnO3, Al doped ZnO and NaxCoO2 with excellent 
thermoelectric results were also documented by the Ohtaki and Terasaki [28-30]. The publication 
of these findings sparked resurgence in the exploration of thermoelectric oxides during 2000s, 
marking the advent of third wave. This period of heightened interest led to the discovery of 
Ca3Co4O9 and (La doped, Nb doped and electron doped) SrTiO3, through intensive investigative 
efforts into promising thermoelectric materials [31-35]. Fergus conducted an assessment of the 
thermoelectric characteristics of perspective oxides in 2012 predominantly focusing on bulk 
ceramics. This review encompassed materials such as Ca3Co4O9, NaxCoO2, SrTiO3, CaMnO3, 
and ZnO [36]. Lately several scholars have documented remarkable ZT values for ceramic oxides, 
for instance SrTi0.85Nb0.15O3 sintered alongside graphite flakes, demonstrate a ZT value of 1.4 
at 1050K and Al doped ZnO sintered alongside reduced graphene oxides demonstrate a ZT value 
of 0.5 at 1100K [37, 38]. Despite the appealing nature of reported ZT values for serving as 
practical thermoelectric materials, their practical implementations remain elusive, likely owning to 
concerns regarding the reliability of the ZT values. 

Among all these oxide materials [7, 39-41] which were investigated in previous years, 
ZnCo2O4 is one which has been documented for storage and catalytic investigation but not for 
thermoelectric applications. It’s a ternary metal oxide alongside mixed valence, possessing a spinel 
cubic structure and falling with in the Fd3 ̅m space group. ZnCo2O4 has P-type behavior, with 
divalent Zn ions occupying tetrahedral sites and trivalent Co ions residing octahedral sites [6, 42]. 
The present study aims to estimate the thermoelectric characteristics of ZnCo2O4 synthesized at 
various temperatures. 

 
 
2. Experimental procedure 
 
Electrodeposition of metallic alloy followed by its oxidation process has been adopted to 

synthesize the zinc cobalt oxide thin films on copper substrate. For the purpose, ZnCl2 and CoCl2 
were used as a source of zinc and cobalt sources in the solution, respectfully. In addition, dimethyl 
sulfoxide (DMS) was used as supporting electrolyte. At the end, Distilled water, Ethanol and 
acetone used for washing purpose. 

A DC power supply was used as a current source to provide opposite polarities to copper 
substrate and reference graphite electrode. The copper substrate was cut in 1×3 cm2 dimensions 
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and polished by sand papers of different grit sizes for removing oxidized surface layer and 
smoothness. After preparing the substrate, this was dipped in the prepared 80ml solution of CoCl2 
(0.1M) and ZnCl2 (0.1M) in distilled water. The sample was prepared at a provided current density 
of 35 mA/cm2. Four coatings were deposited on copper substrate for 15 minutes at 15, 30, 45 and 
60 ˚C temperatures. After the deposition, each coating was dried by using hot air. Fresh solutions 
were used for the deposition of each layer. All these layers then oxidized at 100 ˚C by putting 
them in a stain less steel autoclave filled with distilled water. The autoclave was kept in the oven 
for duration of 12 hours in order to get complete oxidation of Zn-Co alloy coatings. 

The structural study of the nanostructures was carried out by Bruker D8 x-ray 
diffractometer equipped with Cu-Kα radiations of 0.154 nm. The size and morphology have been 
studied by TESCAN Mira3 field emission scanning electron microscope Equipped with EDAX for 
elemental analysis of the nanostructures. Photoluminescence measurements to study optical 
emissions from the nanostructures were performed at room temperature by exciting the samples 
with 325 nm He–Cd laser line (Melles Griot Series 56) at 15 mW.  The Raman spectra were 
achieved by a confocal mapping system having an excitation source of 632.8 nm. Thermoelectric 
measurements were carried out by using a self-made system. The electrical conductivity values 
were recorded by Hall system (Ecopia). Optical reflectance of the samples was studied with a 
JASCO (V-670) spectrophotometer. 

 
 
3. Results and discussion 
 
3.1. XRD analysis  
XRD analysis was conducted to assess the phase, crystallinity and structure of the 

synthesized materials. As depicted in Fig. 1, XRD spectra exhibits discernible peaks at 31.2o, 
36.6o, 38.5o, 44.8o, 55.6o, 59.3o, 65.2o, aligning with the (220), (222), (311), (400), (422), (511), 
and (440) crystal planes, respectively, thereby confirming the (Fd3�m space group) spinel structure 
of ZnCo2O4 (JCPDS 23-1390). The absence of additional peaks and sharpening of existing peaks 
serves as evidence affirming the exceptional crystalline quality and purity of the samples [43-47]. 

 

 
 

Fig. 1. XRD patterns of ZnCo2O4 nanostructures. 
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Fig. 2. (a) Lattice Constant (b) Crystallite Size, (c) Lattice Strain and (d) Cell volumes of the nanostructure. 
 
 
The following formulas were employed to estimate the various parameters listed in the 

Table 1. 
 

 d-spacing   d =  nλ
2sinθ

                                                   (1) 
 

Lattice constant    a = d √ℎ2 + 𝑘𝑘2 + 𝑙𝑙2                                                       (2) 
 

Volume of unit cell    Vcell = a3                                                                (3) 
 

Stacking fault αSf = 2𝜋𝜋2

45√3 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡
                                                                 (4) 

 
where n represents diffraction order, θ diffraction angle, hkl miller indices, d inter-planar 
distances, Vcell volume of unit cell and αSf represents stacking fault [48, 49].  

X-ray density can be defined and calculated by the following formula: 
 

X-ray density  (ρx) = ZM
𝑁𝑁𝐴𝐴𝑉𝑉𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

                                                                  (5) 

 
‘Z’ represents number of molecules per unit cell in spinel structure, ‘M’ molecular weight 

of the samples, ‘NA’ Avogadro’s number (NA = 6.02× 1023 mol-1) and Vcell represents volume of 
cell.  
The crystallite size, lattice strain, micro-strain and dislocation density were estimated by the below 
mentioned formulas [50, 51]: 
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Table 1. List of various estimated structural parameters as a function of synthesis temperature. 
 

 15 oC 30 oC 45 oC 60 oC 

Parameters     
Davg (nm) 19.34 19.82 19.88 21.39 

d-spacing (nm) 0.2233 0.2236 0.2233 0.2234 
a (Å) 8.278 8.289 8.279 8.282 

Vcell (Å3) 567.27 569.71 567.63 568.11 
ρx (g/cm3) 5.789 5.764 5.785 5.780 

δ × 10-3 (nm-2) 2.674 2.546 2.531 2.185 
εL × 10-3 5.435 5.292 5.272 4.906 
εm × 10-3 1.872 1.831 1.822 1.692 

αSf 0.687 0.689 0.688 0.688 
Vp (nm3) 11348.76 12216.19 12329.26 15367.25 

N 6668.52 7147.53 7240.15 9016.55 
 

Crystallite Size  𝐷𝐷 = 𝑘𝑘𝑘𝑘
𝛽𝛽𝛽𝛽𝛽𝛽𝛽𝛽𝑡𝑡

                                                                  (6) 
 

     Lattice strain  𝜀𝜀𝐿𝐿 = 𝛽𝛽
4𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡

                                                                 (7) 
 

     Micro-strain  𝜀𝜀𝑚𝑚 = 𝛽𝛽𝛽𝛽𝛽𝛽𝛽𝛽𝑡𝑡
4

                                                                (8) 
 

     Dislocation density 𝛿𝛿 = 1
𝐷𝐷2

                                                               (9) 
 
‘β’ indicates FWHM and ‘k’ the shape factor. The volume of particle (Vp) and (𝑛𝑛) number 

of unit cells per unit volume of cell were determined by following relations [52, 53]: 
 

                                   Vp = 4𝜋𝜋
3

(𝐷𝐷
2

)3                                                                       (10) 
 

                                 𝑛𝑛 = 𝜋𝜋
6

(𝐷𝐷
𝑡𝑡

)3                                                                        (11) 
 
where ‘D’ is crystallite size and ‘𝑎𝑎’ represents lattice constant. 

Fig. 2 depicts the variation in XRD parameters with temperature elevation. Higher 
temperatures lead to a reduction in atomic imperfections such as dislocation and strain. In contrast, 
the crystallite size, particle volume, and number unit cells all increase in tandem correspondingly 
to temperature elevation. These observed variations collectively indicate rise in temperature, 
resulting in enhanced crystallinity. 

 
3.2. Raman analysis 
Raman spectrums of ZnCo2O4 are shown in Fig. 3. The peaks that observed on 516-520 

cm-1 are rich in cobalt samples. This is particularly a configuration of spinel structure compound 
having Co2+(Co23+O4) in Co3O4 [54]. The peaks at 666 cm-1 that are observed due to the zinc oxide 
and also the peaks observed at 439 cm-1 are particularly shows zinc oxide wurtzite behavior [55]. 
The peak centered around 520 cm-1 is due to slight defects by tetrahedral Co site.  As a result of 
octahedral O vibration, the broad peaks at 650-670 cm-1 can be observed. By substituting the 
atoms of zinc the peak of lower energy is observed which is due to the disorder in the spinel 
crystal structure locally [56]. The peaks that are observed around 514 cm-1 and 475 cm-1 are 
because of the combined vibrations of the ions of oxygen that are in motion in both tetrahedral and 
octahedral. Broadness of the bands is evident from the graph and the bands are not in accordance 
with the first-order phonons analyzed in a single-crystal [57]. Also, occurrence of the bands is 
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mainly due to multi-phonons vibrations. Increase of temperature shift the Raman bands towards 
lower frequency as can be seen in Figures 4.(a-d). This shifting of peaks is due to thermal 
expansion [58]. 

 
 

 

 
 

Fig. 3. Raman spetra of ZnCo2O4 sapmles synthesized at different temperatures (a) 15 C˚ (b) 30 C˚ (c) 45 C˚ 
and (d) 60 C˚. 

 
 
3.3. SEM analysis 
For the observation of grain size and crystal morphology of the grown samples SEM was 

used. Fig. 4 shows the SEM results of ZnCo2O4 films grown at different temperatures. The first 
sample is deposited at room temperature which indicates that some particles show needle liked 
shape and some particles shows nail like shape. The second sample is deposited at 30°C 
temperature which shows that by increasing the temperature particles of the film change their 
shape and shows a rod like morphology. Third sample deposited at 45°C temperature, which 
indicates that by gradually increasing the temperature the particles of the sample show grainy 
shape. Image of the fourth sample which deposited at 60°C of temperature shows that by 
increasing more temperature the particles of the film at some places show grainy shape and at 
some places these particles show needle like shape. 
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Fig. 4. SEM images of ZnCo2O4 nanostructures synthesized at different temperatures (a) 15 C˚ (b) 30 C˚ (c) 
45 C˚ and (d) 60 C˚. 

 
 
3.4. EDX analysis 
Fig.5 shows EDX spectrum for zinc cobalt oxide samples. A different element of the 

samples is observed which indicates the confirmation of Zn, cobalt, and O contents and the 
presence of cobalt in zinc oxide particles. The peak clearly indicates the presence of zinc, cobalt 
and O and it is confirmed from the EDX spectra that at various temperature ZnCo2O4 
nanostructures have been synthesized. 
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Fig. 5. EDX spectra of ZnCo2O4 samples synthesized at different temperatures  
(a) 15 C˚ (b) 30 C˚ (c) 45 C˚ and (d) 60 C˚. 

 
 
3.5. Optical properties 
PL analysis is sensitive way to analysis the extrinsic defects and intrinsic defects in the 

materials. It provides information for the energy states of defects and impurities even at much 
lower densities through which the structural defects can also be observed. It also provides 
additional information for the crystal quality of the grown films from different emissions. It is 
known that the emissions like green, yellow, violet, blue, red and orange produced due to the 
different kind of defects (Tarwal et al., 2014). 

The PL spectra for the synthesized ZnCo2O4 films are shown in the Fig 6. At the 
temperature of 15°C the prepared sample shows a broad emission peak which corresponds to an 
energy band gap of 3.06 eV. At this photon energy the emission is observed due to the 
recombination of free excitons. The second sample which was grown at 30°C also exhibit only one 
emission around 3.03 eV which also have same origin as that of earlier one. The third sample 
prepared at 45°C, shows a similar behavior with an emission peak centered at 3.02 eV. The fourth 
sample which was synthesized at 60°C has energy band gap of 2.99 eV. It can be seen from all the 
samples that the defect related emission have only observed in the film which is deposited at very 
low temperature ~ 15oC. As the temperature rises above the room temperature, the defects are 
removed from the crystals. 
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Fig. 6. PL spetra of ZnCo2O4 samples with estimated optical band gaps. 
 
 
Optical behavior of the thin films was investigated by Diffused Reflectance Spectroscopy 

(DRS). Reflectance, absorption coefficient, band gap energy, optical conductivity through the 
materials, refractive index of all samples, extinction coefficient and optical dielectric constant have 
been calculated to study the response of nanomaterials against incident light. Band gap of these 
layers was calculated by Tauc plot using equation [59, 60]: 

 
(αhν) = K(hν – Eg)1/n 

 
where α, hv, Eg, K and n, are representing the absorption coefficient, photon energy, band gap 
energy, constant of proportionality and nature of transition (n = 2 for direct bandgap transition and 
n = ½ for indirect transition) respectively.  
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Fig. 7. (a) Reflection of the samples vs wavelength, (b) Absorption coefficient vs wavelength;  
 (c) Band gap variation of different ZnCo2O4 samples. 

 
 
It can be seen from figure 7(a), reflectance of the materials is decreasing to the smaller 

wavelength (high energy photons) which confirm that films are mostly responding in ultra violet 
and a little bit to visible region for the transmission of carriers from VB to CB. This behavior can be 
due to two reasons first is low carrier generation and second is strong bonding. However, 
reflectance increases towards high wavelength length which means only specific energy photons 
will participate in transmission. In the contrast absorption of the films is increasing towards 
smaller wavelength. The highest absorption is in the region of 375-380 nm and more charge 
carriers transfer in this region. From the figure 7(a), it can also be observed that intensity of 
absorption peaks is increasing and shifting towards higher wavelength (red shift). This type of 
behavior can be understood due to Local surface plasmonic resonance which be produced due to 
secondary phases of cobalt oxide [61-63]. However, absorption decreases towards further higher 
wavelength is decreasing because of low charge carriers to higher energy states of VB and low 
energy photons. Growth temperature has a significant effect on the absorption as well as 
reflectance of the materials. As the growth temperature increase the absorption of materials 
increases and reflectance decreases with respect to each other [64, 65].  

The band gap energy of the synthesized nanostructures was calculated by extrapolating 
(αhv)2 against hv as shown in figure 7(b). A straight line was drawn from the slope of the graph 
and extended to touch the energy axis. The point where this straight line intersects the energy axis 
indicates the bandgap energy. The energy values at the intersection points for the samples 
deposited at 15, 30, 45 and 60 oC are estimated as 3.06, 3.03, 3.02 and 2.99 eV, respectively. The 
band gap of the nanomaterial films has exhibited a reducing trend from 3.06 eV to 2.99 eV. The 
decrease in band gap can potentially be attributed by the lattice distortion caused by the 
secondary/multiple phases of cobalt oxides. These phases introduce the additional energy levels in 
forbidden gap located below the CB resulting in the decrease of band gap. Secondly metal clusters 
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formation during deposition and then oxidation creates local energy levels and surface plasmonic 
absorption which reduce the band gap [66, 67].  

 
 

 

 
 

Fig. 8. (a) Refractive index, (b) Extinction coefficient, (c) Dielectric constant,  
(d) Optical conductivity of ZnCo2O4 samples. 

 
 
Refractive index and extinction coefficient are to essential parameters of optical study of 

materials. These optical constant parameters have a great influence in optical uses mostly in optic 
devices.  

The refractive index of the films was measured by reflectance using the relation [68]: 
 

𝑛𝑛 =  
1 +  √𝑅𝑅
1 − √𝑅𝑅

 

 
It can be seen from figure 8(a) that the refractive index is increasing towards higher values 

of wavelength. The refractive index varies as a function of wavelength, with its values increasing 
with wavelength in the visible region. However, in the UV and IR regions, it shows fluctuations. 
At some points, its values increase, while at others, they decrease. This can be attributed to the 
damping of thin films of Cobalt oxide and ZnO. Additionally, it can be noticed that the refractive 
index reduces with an increase in growth temperature, implying that the refractive index can be  
varied by adjusting the growth temperature [68, 69]. 

The extinction coefficient (k) is the imaginary part of complex refractive index (𝑛𝑛∗ =  𝑛𝑛 +
𝑖𝑖𝑘𝑘). It was calculated by Swanepoel method using following relation [70-73]:  
 

𝑘𝑘 =
𝛼𝛼𝛼𝛼
4𝜋𝜋
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Figure 8(b) Illustrates the increase in extinction co-efficient with respect to wavelength 
which highlights the surface evenness and homogeneity in particles causing the large scattering. 
Relative permittivity was estimated by using following relation: 

 
𝜀𝜀° = n2 

 
where 𝜀𝜀° indicates optical dielectric constant also referred to as relative permittivity is increasing to 
the lower frequency of incident light. This increment to the lower frequency specifies the increase 
in polarization towards lower frequency. However, the decline in relative permittivity is attributed 
to the incapacity of electric charge carriers to keep pace with the oscillations of the applied ac 
electric field beyond specific critical frequency. Conversely elevated frequencies exhibit minimal 
optical dielectric constant, a crucial characteristic for the development of materials utilized in 
photonic and electro-optic devices. The increase in growth temperature reduces polarization due to 
miner phase transition [74]. 

Optical conductivity of the materials due photons of energy was calculated by applying 
refractive index and absorption coefficient in following relation [74]: 

 
𝜎𝜎 =

𝛼𝛼𝑛𝑛𝛼𝛼
4𝜋𝜋

 

 
Fig. 8(d) is elaborating the optical conductivity of the materials. It can be seen that optical 

conductivity of materials is increasing in visible region with rise of growth temperature. However 
optical conductivity is decreasing with increase of wavelength which elucidates that free carriers 
are affected by the traps which may present in band gap, in general decrease of photon energy 
reduces the optical conductivity. The optical conductivity is very high in UV visible region due to 
availability of free carriers produced by high energy photons [75]. 

 
3.6. Thermal properties 
Thermoelectricity is renewable and low-cost energy resource it converts wasted heat into 

electrically energy through Seebeck co-efficient. When temperature difference is adjusted across 
the thermoelectric material, then potential difference is established for the diffusion of carrier 
across the material [76, 77]. The thermoelectric performance of the materials depends on the 
dimensionless quantity known as “figure of merits “ZT”. 

 

𝑍𝑍𝑍𝑍 =  
𝑆𝑆2𝜎𝜎𝑍𝑍
𝜅𝜅

 

 
where “S”, “σ”, “T” and “κ” indicates the Seebeck co-efficient, electrical conductivity, 
temperature and thermal conductivity respectively. The product of (𝑆𝑆2𝜎𝜎) is defined as power 
factor and (𝜅𝜅)  as sum electronic and lattice thermal conductivity [77, 78]. High value of power 
factor is increases the value of ZT which is responsible for high performance of thermoelectric 
material [79].  
Seebeck co-efficient is the ratio of the potential difference to the temperature due to which that is 
adjusted across the contacts: 
 

∆𝑆𝑆 =
∆𝑉𝑉
∆𝑍𝑍

 

 
where ∆𝑆𝑆, ∆𝑉𝑉, and ∆𝑍𝑍, represent Seebeck co-efficient, change in potential and change in 
temperature respectively. 
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Fig. 9. (a) Seebeck Coefficient vs Temperature, (b) Electrical conductivity vs temperature, 
 (c) variation in power factor with temperature. 

 
 

Table 2. List of thermoelectric parameters for different ZnCo2O4 samples. 
 

Sample 
No 

Growth 
Temperature 

(oC) 

Seebeck Co-efficient 
(μV/ oC) 

Electrical Conductivity 
(S/cm) 

Power factor 
(mW/cmK2) 

1 15 180-657 36-242 0.02-1.40 
2 30 258-744 49-265 0.04-2.00 
3 45 332-867 84-295 0.12-2.98 
4 60 445-980 120-336 0.32-4.33 

 
 
The values of the Seebeck coefficient were measured at different temperatures: 27°C, 

47°C, 67°C, and 87°C, with a variation of 20°C after each measurement. It can be observed from 
Figure 14 that the values of the Seebeck coefficient (S) increase in relation to the bath temperature, 
which varies from 15°C to 60°C respectively, during the deposition of the films. The positive 
Seebeck values indicate the P-type semiconducting behavior of the material, which means the 
majority of charge carriers are holes [80]. Figure 9(a) also reveals a rise in Seebeck values as a 
function of temperature for all films, which is also affected by the growth temperature. The 
enhancement of Seebeck values for all samples with an increase in temperature is listed in table 2, 
and it is observed that a large number of carriers gain more thermal energy at higher temperatures. 
The excessive amount of Co atoms in the samples may create secondary phases, which increase 
the energy filtering effect at the grain level and result in higher Seebeck values. This effect refers 
to the trapping of energy carriers (where the excess charge carriers are holes) with low energy at 
grain boundaries or at the interfaces of two consecutive secondary phases. This filtering action is 
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an important facilitator in the improvement of carrier mobility, which enhances thermoelectric 
parameters such as the power factor and electrical conductivity [81, 82].  

Electrical conductivity was also measured for all samples at different temperatures, shown 
in the figure 9(b). The enhancement in electrical conductivity was observed for higher 
temperatures listed in the table 2 this increment in the electrical conductivity with temperature 
indicates the semiconducting nature of the synthesized materials. Their electrical conductivity is 
shown below: 

The improvement in the electrical conductivity is depending on the synthesis temperature, 
carrier concentration as well as carrier mobility. It can be seen from the Fig. 9(b) as the 
temperature rises electrical conductivity also increases for all samples listed in table 2. This 
enhancement in electrical conductivity is indicating that carrier concentration and carrier mobility 
in the samples is high, electrical conductivity is directly proportional to carriers’ concentration. 
The increase in deposition temperature increases the deposition rate and increase in deposition 
means increase in number of secondary layers. These secondary layers of Zn+ & Co+ ions generate 
more holes as carriers and more carrier’s concentration results in the enhancement of electrical 
conductivity [83, 84]. The electrical conductivity for the sample deposited at 15 oC increases from 
36 to 242 (Scm-1) when temperature increase from 27 to 87 oC, however the value of electrical 
conductivity for the sample deposited at 60 oC increase from 120 to 336 (Scm-1) same effect can be 
observed for all samples from the Table 2. This indicates that deposition temperature has a great 
influence on the electrical conductivity.  

The value of power factor was calculated by the product of Seebeck co-efficient and 
electrical conductivity:  

 
P = S2σ 

 
where P is power factor S is Seebeck co-efficient and σ is electrical conductivity of the 
synthesized materials. 

The values of power factor depend upon the values of Seebeck co-efficient and electrical 
conductivity. The enhancement in the power is understandable due to the high values of Seebeck 
co-efficient and electrical conductivity (figure 9(c)). It can be observed that power factor is 
increasing with the increase of bath temperature [85]. 

 
 
4. Conclusions 
 
In this research report, authors repotted the effect of synthesis method and temperature on 

the thermoelectric properties of ZnCo2O4 nanostructures. Zn-Co alloye films were deposited on Cu 
substrates by electrochemical deposition at different bath temperatures followed by hydrothermal 
oxidation of these alloy films at 100 ˚C. XRD patterns showed the formation of spinal structure of 
ZnCo2O4 nanostructures which was also confirmed by the Raman data as well. Optical data 
confirms the effect of deposition temperature on the band gap energies of the nanostructures which 
shows a red shift. The Seebeck coefficient value increased from 180-657 to 445-980 μV/ ˚C which 
exhibited a strong dependency on the increasing bath temperature.electrical conductivity and 
power factor also exhibited the same increasing patterns. The highest achieved power factor was 
for the sample which was deposited at 60˚C and showed a value of 4.33 mW/cmK2. These values 
make this synthesis method a noval approach to achieve a material (ZnCo2O4) which could be a 
wonderful candidate for thermoelectric applications. 
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