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Abstract: Herein, Co- and Mg-doped CuO nanostructures have been hydrothermally synthesized.  The X-ray diffraction technique 

has been employed for investigating the phase purity and crystal structure, where formation of a typical single phase monoclinic CuO 

structure has been confirmed. Sharp and intense diffraction peaks have been observed and indicate to a high degree of crystallinity 

of the synthesized samples. No indication to any secondary or impurity phases could be observed. Microscopic investigation has 

been used to figure out the size, shape and surface morphology. Both samples show flakes-like nanostructure, with thickness ranging 

from 30 to 50 nm and from 40 to 100 nm for Co- and Mg-doped CuO respectively. The dielectric properties of the prepared samples 

have been investigated and compared through examining the frequency dependence of various dielectric parameters and the electrical 

behavior has been explained. Also, the conductivity and the dielectric parameters have been studied with variation in temperature. 
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1. Introduction 

    Transition Metal Oxide (TMO) nanostructures (NSs) have 

been the focus of technological developments in nanoscience for 

many years and have attracted more attention and research 

interest in the scientific community because of their unusual 

characteristics including availability, low cost, wider chemical 

reactivity, less toxicity, high chemical and thermal stability. 

Because of these advantages they are used in different 

applications for example electrochemical supercapacitors, gas 

sensors, photocatalytic and biomedical applications [1-4]. CuO 

as a TMO has enormous interest because of the unique 

properties such as easy synthesis method, low cost, nontoxicity 

and abundantly available constituents. CuO is a monoclinic p-

type TMO. Many research groups have lately a great deal of 

interest in p-type TMO NSs because of their fascinating 

physicochemical characteristics, which make them promising 

multi-functional materials [5]. 

         Because of these specific features, the CuO NSs with 

tuned structural, and optoelectronic properties are employed in 

a variety applications including antibacterial [6, 7], 

photoelectrodes [8], gas sensors [9, 10], memory devices [11], 

solar water-splitting [12], photocatalyst [13, 14],  water 

treatment [15],  supercapacitors [16], solar cells [17, 18], Li–ion 

batteries [19-21] etc.  

    Many techniques are used to synthesize CuO NSs with 

various morphologies such as chemical precipitation method 

[21, 22], sol gel [23, 24] and hydrothermal [7, 25]. The main 

focus on these methods because simplicity, low synthesis 

temperature and one can produce single and multi-phases 

materials. Hydrothermal synthesis is one of the most commonly 

used techniques for synthesis of nanomaterials It shows the 

following advantages: (i) water is non-toxic, low- cost and 

environment friendly (ii) water has strong polarity that 

motivates the oriented growth of nanocrystals (iii) many 

inorganic salts are easily dissolvable in water giving the 

possibility to choose the source of the metal ions as needed. [5]. 

Through experimental studies, it has been confirmed that the 

cupric source type and concentration, reaction time, temperature 

and pH value of the medium have a significant impact on the 

crystal growth direction, particle sizes and morphologies of the 

final product of the CuO nanostructure and thus tailoring of 

optical, magnetic, and electrical properties can be achieved [5, 

26].         

Both the dopant type and concentration are effective routes 

to expand the area of applications of CuO NSs through tuning 

the structural, and optoelectronic properties. Many metal atoms 

such as Cr, Zn, Fe, Al, Ni, Mn, Na and Co have been employed 

as dopants to tune the physical properties of CuO [11, 16, 21, 

27-31]. 

Dielectric study is very important and valuable tool for 

understanding the transport behavior of ions in solid state ionic 

conductors. Sufficient information concerning translational and 

orientational movement of the mobile charge carriers found in 

the dielectric systems can be provided through the dielectric 

study. The complex permittivity varies with the applied electric 

field's frequency and is influenced by the physical 

characteristics of the materials. The variation of the complex 

permittivity in different frequency range originated as a result of 

various dielectric polarization types including electronic, ionic, 

orientational and interfacial etc. Alternating current (AC) 

conduction technique is widely used to understand the electrical 
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properties of a material and it can be utilized to identify the 

conduction mechanism of a dielectric materials.  

The electrical performance of CuO can be affected by 

various parameters such as the chemical composition, 

preparation method and morphology.  In this study, Co- and Mg-

doped CuO NSs are successfully synthesized using the 

hydrothermal method. The structural, electrical, and dielectric 

properties are studied. The dielectric properties are studied 

through measuring different parameters as functions in 

frequency and temperature.  The AC and DC conduction 

mechanisms are identified and well discussed.  

2. Materials and methods 

2.1. Chemicals 

          The precursors used for the preparation of Mg- and Co-

doped CuO NSs are copper nitrate trihydrate [Cu(NO3)2∙3H2O] 

(LOBA chemie 99.5%), magnesium nitrate hexahydrate 

[Mg(NO3)2∙6 H2O] (Alpha Chemicals 99%), cobalt nitrate 

hexahydrate [Co(NO3)2∙6 H2O] (Sigma Aldrich ≥ 98%) and 

sodium hydroxide [NaOH]. Double distilled water was used as 

a solvent. All chemicals and solvents are of analytical reagent 

grade. The crystallinity of the samples was investigated using x-

ray diffractometer (XRD, Bruker D8-Advance) with Cu-Kα 

radiation source (λ=1.5406 Å). The XRD diffractograms were 

recorded within a diffraction angle 2θ range from 20° to 80°. 

The Field Emission-Scanning Electron Microscope FE-SEM 

(ZEISS-Sigma 500 FE-SEM) was utilized to investigate the 

surface morphology, particle shape and size as well as particle 

size distribution. The AC conductivity, loss factor and dielectric 

constant were measured using IM 3536 LCR Meter HIOKI. 

2.2. Synthesis of Mg- and Co-doped CuO nanostructures 

To synthesis Cu0.94A0.06O (A=Mg and Co) NSs by hydrothermal 

method, at first, (0.025 moles.L−1) copper nitrate trihydrate was 

magnetically stirred for 15 min at 50 °C to completely dissolve 

copper nitrate into double distilled water. Then magnesium 

nitrate hexahydrate salts with the concentration (x=0.06) was 

added to the copper nitrate solution. After that, NaOH solution 

was added as drops until reaching pH = 13 with maintaining the 

solution under continuous stirring at 50 °C for 30 min. Then, the 

solution was charged in an autoclave and inserted into a muffle 

furnace at 170 °C for 48 h (reaction time). After terminating of 

the reaction time, the autoclave was cooled naturally to room 

temperature. The black obtained precipitate was cleaned with 

distilled water and ethanol and dried at 100 °C for 2 h in air, then 

sintered at 350 °C for 2 hours. Co-doped CuO nanostructures 

was prepared in the same procedures by replacing 

[Mg(NO3)2∙6H2O] by [Co(NO3)2∙6H2O] for reaction time 24 h. 

3. Results and Discussion: 

3.1. Structural analysis 

     The structure, crystallinity and phase purity of the Mg- 

and Co-doped CuO samples was investigated using XRD 

technique. Fig. 1 displays the XRD reflections of the two 

synthesized samples beside that of the pure CuO for comparison. 

The sharp reflections observed at crystallographic planes (110), 

(111̅), (111), (1̅12), (202̅), (020), (202), (1̅13), (311̅), (220), 

(311) and (004) coincide with the COD (9016105) data of the 

monoclinic CuO pure phase. Also, comparison exhibits well 

match with many previously published work [11, 32]. Sharp and 

intense reflections can be observed and indicate to a high degree 

of crystallinity of the synthesized samples. No indication to any 

secondary or impurity phases could be observed because the 

dopants concentration is under the solubility limits [33]. The 

XRD results confirm that Mg and Co atoms replace the Cu 

atoms in the CuO lattice without any change in the monoclinic 

structure. 

 

 

Fig. 1. The XRD patterns of Cu0.94Mg0.06O and Cu0.94Co0.06O 

nanostructures. 

 

The values of the lattice parameters (a, b, c and β) and the cell 

volume (V) of the monoclinic system was calculated using the 

equations [34]:  
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where d and  (h, k, l) are the inter planer distance and miller 

indices for the reflection peaks, respectively. Also, the values of 

the lattice parameters (a, b, c and β) have been found to be in a 

good match with the standard values [11, 16, 32, 35-37]. Based 

on the fact that the variation of (c/a) ratio represents the 

structural deformation of the material, it can be observed from 

Table 1 that the calculated values of a/b, c/b ratios and β are 

nearly the same, indicating that incorporation of Mg or Co atoms 

into CuO lattice has similar effect on the lattice deformation. 

     The crystallite size (D) is estimated from the dominant 

diffraction peak (111̅) using the well-known Scherer’s equation 

[32]:  

D =
K λ

βhkl  cos θ
                                                                          (3) 

 

where K= 0.9 , λ, βhkl and θ are the shape factor, wavelength 

of the x-ray beams (1.5406 Å), full width at the half maximum 

(FWHM) and diffraction angle respectively.  

The dislocation density (δ) of the Mg- and Co-doped CuO 

NSs was calculated using the following relation [35]:  
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δ =
1

D2
                                                                                           (4) 

 

 Because of the large fraction of surface atoms and 

unsaturated dangling bonds which are responsible for many 

unusual physical and chemical properties of nanomaterials, an 

internal strain is raises. In this study, the internal strain (η) was 

estimated using the following relation [24, 29, 36]:  

η =
βhkl cos θ

4
                                                                                  (5) 

 

The data tabulated in Table1 indicates that Mg-doped CuO 

and Co-doped CuO samples have approximately the same lattice 

parameters and cell volume values but different  η and δ which 

can be attributed to the difference between the atomic radius of 

Mg (160 pm)  and Co (126 pm) that results in a difference in the 

lattice strain and dislocations content. 

 Mg-CuO Co-CuO 

a (Å) 4.685 ± 0.00234 4.700 ± 0.0244 

b (Å) 3.420 ± 0.00156 3.414 ± 0.00145 

c (Å) 5.128 ± 0.00305 5.106 ± 0.0285 

     a/b 1.370 1.377 

     c/b 1.499 1.496 

      β 99.530 ± 0.045 99.362 ± 0.044 

 V (Å 3) 81.029 ± 0.072 80.885 ± 0.070 

D (nm)  57.1± 0.05 35.51± 0.03 

δ × 10−4 

(line/nm2) 

3.07± 0.03 7.93± 0.07 

η × 10−4 6.07± 0.06 9.73± 0.09 

 

Table 1: The 2θ value, lattice parameters, crystal size (D), 

dislocation density (δ) and internal strain (η) of the Mg and 

Co doped CuO NSs samples. 

 

3.2. Morphological study  

     Fig. 2 shows the SEM images of the Mg- and Co-doped CuO 

samples. Both samples show flakes-like nanostructure. Size 

distribution analyses indicates that the Mg-doped CuO 

nanoflakes size is in sub-micrometric scale with thickness 

ranging from 40 to 100 nm while the Co-doped CuO nanoflakes 

show smaller size with thickness ranging from 30 to 50 nm. The 

results coincide with the results of the XRD analyses were 

crystallite size D of Co-doped samples (D=35.51 nm) is much 

lower than that of Mg-doped sample (D=57.1 nm).  

3.3. The electrical study 

3.3.1. AC conductivity (𝛔𝐀𝐂)  

        Fig. 3a shows the variation of the total conductivity (σ) of 

the Co- and Mg-doped CuO nanostructures with frequency (ω) 

measured at room temperature. The total conductivity is 

represented by the relation  [38] :  

 

σ = σdc (T) + σac (ω, T)                                                      (6) 

 

 

Fig: 2. SEM images for (a) Co- and (b) Mg-doped CuO 

nanostructures respectively. 

 

According to Eq.6, the total conductivity σ is the sum of the 

DC conductivity (σdc) and AC conductivity (σac). Contribution 

of any of the two conduction mechanisms depends on many 

factors such as the frequency of the applied field, ambient 

temperature, energy of charge carriers [39], etc. As seen in 

Fig.3a, each ln(σ) vs. ln (ω) plot consists of two regions [14, 36]: 

(I) plateau region at the lower frequencies which denotes the 

contribution of σdc where the conductivity is frequency 

independent and related to the long–range motion of the free 

charge carriers. (II) The dispersion region, which characterizes 

the higher frequency region where the contribution of the σac to 

the total conductivity increases as the frequency increases. Fig. 

3b & c illustrates the total conductivity (σ) versus frequency (ω) 

plots measured at various temperatures. The figures show that σ 

increases with increasing the temperature as a result of the 

increase in the charge carriers and thermal agitation suggesting 

a semiconductor behavior of the materials  [14]. It is also 

observed that the width of the plateau region increases with 

increasing the temperature and shifts to higher frequencies 

where the hopping frequency is that frequency at which the 

behavior changes from the DC to AC conductivity [40-42]. 
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3.4. Dielectric Study 

      Studying the dielectric features of a material gives important 

information about the dominant polarization type, mechanisms 

of the electrical conduction and dielectric relaxation. It is 

important to mention that permittivity is not constant but varies 

with the orientation and molecular structure mixture, pressure of 

the material, the applied frequency and temperature. The 

complex permittivity (ε*) is given by the equation [43, 44]: 

 

ε* = ε′-jε′′                                                                       (7) 

 

where ε′ (the real part of the complex permittivity) describes the 

energy stored in the dielectric material as polarization. ε″ (the 

imaginary part of the complex permittivity) describes the energy 

dissipated as heat. ε′ and ε′′ are related by the loss tangent, tanδ 

[45]:  

 

ε′′ = ε′ tan δ                                                                   (8) 

3.4.1. Dielectric constant (ε') 

Fig. 4a shows the variation of the real part (ε′) of the Co- and 

Mg-doped CuO nanoflakes with (ω) measured at room 

temperature. Notably, ε′ decreases as the frequency increases 

reaching a constant value in the high frequency range. Fig. 4b & 

c shows ε′ vs. ω plots measured at different temperatures. 

Similar behavior have been observed for all the samples where, 

ε′ always decreases as ω  increases whatever the measurement 

temperature is but it increases with increasing the temperature. 
At first, it should be known that the dielectric behavior and the 

polarizability of a material are related to each other, so in order 

to understand the dielectric behavior we must understand the 

polarizability of a material more  deeply. Usually for the polar 

materials, the overall polarizability of a material is attributed to 

the contribution of multi-component polarization mechanisms 

such as electronic, ionic, space charge and orientational 

polarization [34, 45]. The main contribution to the total 

polarizability (within the frequency range of measurements in 

this work) comes from the Rotation Direction Polarization 

(RDP) and Space Charge Polarization (SCP) [46-48]. RDP is 

formed at the interfaces in nanostructures when oxygen 

vacancies generate a large number of rotated dipole moments 

under the applied field. The SCP results from a high number of 

defects (oxygen vacancies). The electrostatics theory states that 

the charges at the interfaces are attracted by the opposite poles 

of the electric field and are mostly trapped by defects. This leads 

to the development of dipole moments, which in turn leads to 

the polarization of the space charge. As a result, the observed 

high ε′ at low frequencies for the samples under study is due to 

both RDP and SCPs contribution. Back to Fig.4, the samples 

under study exhibit relatively high ε′, particularly at high 

temperatures and low frequencies. In the high frequency region, 

ε′ becomes approximately constant where all the curves merge 

irrespective of the ambient temperature. The dipoles' 

contribution to polarization and the dielectric constant is weak 

at low temperatures and high frequencies because they are 

rigidly fixed and unable to follow and orient themselves along 

the applied field. The observed increase in ε′ with temperature 

is due to the increase in the degree of freedom of movement of 

the dipoles. Also, at high temperatures, the thermal energy of the 

bound dipoles become enough to enable them to follow the 

change in the external field easily [45]. 

 

 

 
Fig. 3: a) the variation of the total conductivity (σ) of the Co- and 

Mg-doped CuO NSs with frequency (ω) measured at room 

temperature, b & c) the variation of the total conductivity (σ) of the 

Co and Mg doped CuO NSs, respectively with the frequency (ω) 

measured at various temperatures. 
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Fig. 4. Frequency (ω) dependency of the real permittivity (ε') 

of the Co-and Mg-doped CuO nanostructures with frequency 

(ω) (a) measured at room temperature, (b and c) measured at 

different temperatures, respectively. 

  

 

Accordingly, the polarization increases leading to an increase in 

the dielectric constant. The overall behavior of the dielectric 

constant obeys the Maxwell–Wagner polarization model on the 

basis of Koops’ theory [49, 50]. 

        According to Koops’ model, the solid sample consists of 

good conducting grains, separated by low electric conductive 

grain boundaries. Consequently, when the movement charges 

carriers in the grain reaches the grain boundary of other its 

motion is perturbed.  Thus, the charge carriers accumulate at the 

interface [36, 45] resulting in the increase of ε′. The nearly 

constant value of ε′ in the high frequency range indicates that 

the grain boundaries’ contribution to ε' can be neglected 

compared to grain contribution [36, 45]. In particular, 

nanostructured materials contain large number of interfacial 

atoms and a large number of defects at the grain boundaries 

compared to their bulk materials [51].  As a consequence of the 

large number of defects, positive and negative space charge 

distribution is formed. These trapped charges at the interface 

generate space charge polarization [45].  The polarization occurs 

due to the large numbers of rotated dipole moments generated 

from the defects in the presence of the external field, where the 

nanostructures have a large surface area with a larger number of 

defects.  As the frequency increases, the dipoles become unable 

to follow the electrical field and the orientation polarization 

disappears. Therefore, ε′ decreases to approximately a constant 

value representing the contribution of the interfacial polarization 

only. 

 3.4.2. Dielectric loss (ε′′) 

     Fig. 5a displays the variation of imaginary part (ε′′) of the 

complex permittivity with frequency (ω) of the Co- and Mg-

doped CuO nanostructures measured at room temperature. The 

data imply that (ε′′) decreases with increasing (ω) showing 

approximately a constant value in the high frequency region.   

 

Fig. 4b & c displays ε′′ vs. ω measured at different ambient 

temperatures. Similar behaviour have been observed for all the 

plots at different temperatures where ε′′ decreases with 

increasing ω irrespective of the ambient temperature, while it 

increases as the temperature increases. As has been mentioned 

above, the dielectric loss is the energy loss as heat into the 

dielectric material with applying the electric field. The main 

reason for the emergence of ε′′ is the delay of the response of the 

dipoles to the applied external field.  The observed decrease in 

ε′′ at low frequencies is due to the fact that the dielectric loss is 

caused by migration of ions in the material. However, in the 

moderate frequency range, ions polarization loss, conduction 

loss of ions migration and ions jump contributes to ε′′. At high 

frequencies, ion vibrations are the only source of dielectric loss 

and thus, ε′′ has the minimum value [40, 46, 51]. The increase 

of ε′′ with temperature can be explained in the view of the three 

mechanisms of the relaxation phenomena: conduction loss, 

vibrational loss and dipole loss [40, 45]. At low temperatures, 

the conduction loss contribution shows a minimum value 

because it is proportional to σ/ω. By increasing temperature, σ 

increases due to the increase in the charge flow and so the 

conduction loss increases resulting in the increase of ε′′. Also, 

by increasing the charge carriers flow, the polarization lag 

behind the applied field causing an interaction between the 

external field and the dielectric’s polarizations which create an 
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additional electric field at the interface that distorts the 

externally applied field, which may lead to an increase in the 

dielectric loss. The formation of relaxation polarization takes 

long time and results in energy dissipation which leads to 

dielectric loss [45]. 

 

 

 

 
Fig.5 Frequency (ω) dependency of the real permittivity (ε′′) of the Co-and 

Mg-doped CuO nanostructures with frequency (ω) (a) measured at room 
temperature, (b and c) measured at different temperatures, respectively. 

4. Conclusion 

 

In this work, the Co- and Mg-doped CuO NSs were 

successfully synthesized by hydrothermal method.  The XRD 

results confirm that both samples are pure single phases without 

indication of any other phases. Microscopy investigations show 

that the synthesized samples have flakes-like structure and 

doping with Co and Mg has significant effect on the size of the 

CuO nanoflakes. Higher AC conductivity was found for Co-

doped CuO sample compared to Mg-doped CuO sample, which 

may be attributed to the higher carrier concentration in the 

former. The variation of the dielectric constant and dielectric 

loss with frequency depend on the polarizability type that 

dominates in the material. The structural defects and grain 

boundary play important roles in the dielectric relaxation 

processes. The ambient temperature has a significant effect on 

the electrical and dielectric parameters of the materials under 

study. The obtained results candidate the materials under study 

for many promising applications such as gas sensor and energy 

storage capacitors. 
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