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Abstract 

Here, we report the synthesized high purity NiO 

nanostructures using simple and inexpensive chemical 

route. NiO NPs and (Cu, Zn) single and dual doped NiO 

NPs prepared by co-precipitation technique and annealed 

at 350 ℃ for 2 hours. Structural properties of prepared 

samples were investigated by X-ray diffraction (XRD). 

The optical characterizations and electrical conductivity 

were characterized by UV-vis spectrophotometer and I-V 

measurement. The crystallite size for dual doped NiO 

samples was 7.9 ± 0.9 nm compared to pure NiO, which 

had 9.52 nm. These results are consistent with the ionic 

radii of the doped metals. The obtained values of the band 

gap energy increased from 3 eV for pure sample to higher 

values (3.14 ± 0.06 eV) for doped samples due to the 

quantum confinement effect. These results agreed with 

the DC conductivity of samples. The ionic conductivity 

σionic was developed with dual doping. The 

characterization of the doped samples makes them good 

candidates for photoelectronic applications. 
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1. Introduction 

Nickel oxide (NiO) is a green crystalline solid material with ferromagnetic properties 

and a Neel temperature of 523 K. NiO has unique electrical, magnetic, and optical properties 

that make it the primary subject of numerous applications. NiO is a material with extreme 

chemical stability. Due to its low cost and excellent ion storage property, it has become an 

interesting research material [1]. NiO NPs is a p-type conductivity due to its wide energy band 

gap from 3.6 eV to 4.0 eV [2, 3]. There are several methods to synthesis of  NiO NPs such as 

electro deposition (ED),  hydrothermal method [4] Sol-gel, thermal decomposition and 

Chemical precipitation [1, 5, 6]. NiO nanoparticles can be used in various applications like 

photocatalytic, battery, electrochromic, chemical sensing applications [7-9] and gas sensor 

application [4]. 

The doped NiO NPs lead to improvement of physical properties for various applications. 

K Varunkumar et al., reported on Cu doped NiO NPs prepared by co-precipitation and studied 

optical and thermal stability, the bandgap increased from 3.32 to 3.37 eV at 8 (wt %) and showed 

exhibit good thermal stability [10]. K. Varunkumar et al., studied morphology of the pure NiO 

and Cu doped NiO NPs at different calcination temperatures 350 °C, 450 °C and 550 °C that 

revealed spherical shaped particles for pure NiO and Cu doped NiO samples calcined at 350 °C 

while changes were observed for other calcination temperatures [11]. Zn doped NiO 

nanoparticles were synthesized by co-precipitation method at calcination temperature of 550˚C 

and the optical band gap was found at 3.26 eV [12]. Solvothermal synthesis of pure and Zn 

doped NiO nanocluster electrocatalysts resulted in higher conductivity with lower internal 

resistance (Rs) of 10.36 Ω for the above optimized electrocatalyst [9]. Recently, Zn-doped NiO 

thin films were synthesized for highly sensitive and selective ammonia sensors [13]. 

In the present study, pure, single and dual (Cu and Zn) doped NiO nanoparticles were 

synthesized by co-precipitation method and structure, optical and electrical properties of the 

prepared samples were reported. 

 

2. Experimental Details  

2.1 Materials 

Nickel nitrate hexahydrate Ni(NO3)2.6H2O (Fluka, ≥ 98%), copper nitrate trihydrate 

Cu(NO3)2.3H2O (Scharlau, extra pure), zinc nitrate hexahydrate Zn(NO3)2.6H2O (Fluka.  ≥ 

98%) and sodium hydroxide (95%). The solvent used for all mentioned chemicals was distilled 

water. 
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2.2 Synthesis of pure NiO Nanostructures 

1 M nickel nitrate solution was prepared by dissolving 14.54 g in 50 ml distilled water 

with constant stirring for 20 min. 0.1 M NaOH was added dropwise to the nickel nitrate solution 

to adjust the pH to 10 and stirred at room temperature for 3 h until a light green colored solution 

was obtained. The final solution was kept in an airtight container for one day to obtain the 

precipitate, which was centrifuged at 4000 rpm for 15 minutes and then washed several times 

with distilled water. The collected precipitate was dried at 80 ℃ for 15 h and then ground into 

fine powder with mortar and pestle. Finally, the powder was annealed at 350 ℃ for 2 h to obtain 

a pure NiO nanostructure. 

2.3 Synthesis of Cu-Zn dual doped NiO Nanostructures 

Copper nitrate and zinc nitrate solutions were prepared separately in 5 concentrations 

(0.025, 0.05, 0.075 and 0.1 M). The mixing of different solutions was clarified in Table 1 to 

obtained single and dual doped NiO according to the formula Ni0.9(Cu1−xZnx)0.1O, where x = 

0, 0.25, 0.5, 0.75 and 1.  As presented in Table 1, there were two single doped NiO samples at 

x = 0 (Cu only) and one (Zn only) and 3 dual doped NiO samples (at x = 0.25, 0.5 and 0.75).  x 

value indicated to the increase of Zn doped percentage in NiO from 0 to 0.1 as x value increased 

from 0 to 0.01 and decreasing of Cu doped percentage in the same time from 0.1 to 0.  

0.9 M of nickel nitrate solution was prepared in 75 ml of distilled water under constant 

stirring for 20 min and labeled as solution (A). For sample prepared at x = 0.25, 0.025 M zinc 

nitrate and 0.075 M copper nitrate solutions were prepared separately in 75 ml of distilled water 

under constant stirring for 20 min and labeled as solution (B) and (C), respectively. Solutions 

A, B and C were mixed under constant stirring for further hour at RT. The pH value of the 

mixed solutions was adjust to 10 by addition of 0.1 M NaOH drop by drop under constant stirrer 

for 3 h at RT. The light green solution was obtained and kept in an airtight container for a day 

to collect the precipitate. The precipitate was filtered and centrifuged at 4000 rpm for 15 min 

and then washed with distilled water several times. The final precipitate was dried in oven for 

15 h at 80℃. Then it was grind using mortar and pestle to get fine powder and finally, powder 

was annealed at 350 ℃ for 2 h to obtain Ni0.9Cu0.075Zn0.025O   nanostructure. The other 

samples were prepared by repeating of the above procedures for all x values according to 

arranged concentrations in Table 1. 

2.4 Characterizations 

The structural properties of prepared samples have investigated using the X-ray 

diffraction (XRD) technique (XD-2 X-ray diffractometer using CuKα (λ = 1.54 Å) at 36 kV 

and 20 mA, China) in Yemeni Geological Survey and Minerals Resources Board (YGSMRB). 
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The absorbance and transmittance spectra of samples were measured using a UV–VISIBLE 

spectrophotometer (SPECORD 200) at room temperature in the wavelength range of (190–1100 

nm). The diluted hydrochloric (HCl) acid was used as a solvent for prepared samples to measure 

the absorbance and transmittance spectra. The powder of all prepared samples was pressed into 

pellet forms with a thickness of about 1 mm and a diameter of 13 mm using a Carver hydraulic 

press machine. These pellets were used to measure the DC electrical conductivity at room 

temperature. 

 

Table 1: Experimental details for preparation of single and dual doped NiO nanostructures. 

 

Samples 

    Concentrations in (M)  

Doping 

type 
 

x value 
Nickel 

nitrate 

(doping %) 

Copper 

nitrate 

(doping %) 

Zinc 

nitrate 

(doping %) 

𝐍𝐢𝟎.𝟗𝐂𝐮𝟎.𝟏O 0.9 
0.1 

(10%) 

- 

(0%) 
Single x = 0 

𝐍𝐢𝟎.𝟗𝐂𝐮𝟎.𝟎𝟕𝟓𝐙𝐧𝟎.𝟎𝟐𝟓𝐎 0.9 
0.075 

 (7.5%) 

0.025  

(2.5%) 
Dual x = 0.25 

𝐍𝐢𝟎.𝟗𝐂𝐮𝟎.𝟎𝟓𝐙𝐧𝟎.𝟎𝟓𝐎 0.9 
0.05 

(5%) 

0.05 

(5%) 
Dual x = 0.5 

𝐍𝐢𝟎.𝟗𝐂𝐮𝟎.𝟎𝟐𝟓𝐙𝐧𝟎.𝟎𝟕𝟓𝐎 0.9 
0.025  

(2.5%) 

0.075 

 (7.5%) 
Dual x = 0.75 

𝐍𝐢𝟎.𝟗𝐙𝐧𝟎.𝟏𝐎 0.9 
- 

(0%) 

0.1 

(10%) 
Single x = 1 

 

 

3 Results and discussion 

3.1 X-ray diffraction (XRD)  

Figure 1 shows three distinct pattern planes (111), (200), and (220) of the NiO phase, 

confirming that the NiO form in cubic structure is consistent with the standard card no. (JCPDS 

card No. 44-1159). The XRD patterns show pure NiO, single and dual doped NiO 

nanostructures. This means that dual doping does not change the structure of the NiO 

nanostructures. The XRD patterns of the prepared samples are calculated according to the 

following equations [14-16] in Table 2: 

𝟏

𝐝𝟐
=

(𝐡𝟐+𝐤𝟐+𝐥𝟐)

𝐚𝟐
                                                                                                                 (1) 

D=
𝐤𝛌

𝛃 𝐜𝐨𝐬 𝛉
                                                                                                                             (2) 

𝛆 =
𝛃𝐡𝐤𝐥

𝟒 𝐭𝐚𝐧 𝛉
                                                                                                                             (3)   
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Where 𝑑ℎ𝑘𝑙 is the interplanar space and (h, k and l) are Miller indices. β is the full width at half 

maximum (FWHM) of the diffraction peak (200), (λ) is the wavelength of X-ray (λ = 0.154nm) 

and (θ) is the half angle Bragg diffraction. The low intensity of the XRD patterns for undoped 

and doped NiO nanostructures (Figure 1) indicates that the samples have low crystallinity due 

to the nano range of the crystallite size of the prepared samples. Figure 1 shows the XRD 

patterns of copper and zinc dual doped nickel oxide nanostructures (Ni0.9(Cu1−xZnx)0.1O) at 

x= 0, 0.25, 0.5, 0.75 and 1. When x= 0 (Ni0.9Cu0.1O), 2θ value of (200) crystal face that showed 

shifting of diffraction peaks to the lower angle from 43.192°for pure NiO to 

43.07° for Ni0.9Cu0.1O sample is predicted as a result of increase lattice constants [14]. Full 

width at half maximumat β (FWHM) at plane (200) also increase from 0.898° for pure to 1.212° 

for Ni0.9Cu0.1O. The increase in β is due to expansion of the crystal structure as the slightly 

larger ionic radius of Cu2+(0.73A°) substituted that of Ni2+(0.69A°) in NiO cubic structure [14]. 

The crystallite size decrease from 9.52 nm for pure NiO to 7.05 nm for Ni0.9Cu0.1O this 

reduction in the crystallite size for the doped nanoparticles could be attributed to the internal 

microstructural strain and disorder introduced in the NiO lattice due to incorporation of the Cu 

ion, this result was in good agreement that published in this literature [11].   

 

Figure 1. XRD patterns of undoped and doped NiO nanostructures. 

 

 

For dual doped sample at x = 0.25 (𝐍𝐢𝟎.𝟗𝐂𝐮𝟎.𝟎𝟕𝟓𝐙𝐧𝟎.𝟎𝟐𝟓𝐎), 2𝛉 value of (200) 

diffraction also shifting to the lower angle by 0.102 due to both dual 𝐂𝐮𝟐+(0.073 nm) and 

𝐙𝐧𝟐+(0.074 nm) dopants have larger ionic radii than 𝐍𝐢𝟐+ ions (0.069 nm) [15]. 𝜷(FWHM) 

(𝟏. 𝟏𝟐𝟐°) stilled higher than the pure NiO sample which confirm the substitution of  𝐍𝐢𝟐+ ions 
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by both 𝐂𝐮𝟐+and 𝐙𝐧𝟐+ ions. The shifting to the lower angle were observed for the other dual 

samples (x =0.5 and 0.75) as listed in Table 2 due to the same reason mentioned above. But at 

( 𝐍𝐢𝟎.𝟗𝐙𝐧𝟎.𝟏𝐎) the shifting to the lower angle , the crystallite size of NiO and Zn doped NiO 

increased from 9.52 to 10.27 nm due to 𝐙𝐧𝟐+ ions have a large ion radius of 0.074 nm compared 

to the ionic radius of  𝐍𝐢𝟐+ [16]. The discrepancy between the increase and decrease in the 

values of microstrain caused with increase in the value of x in structural distortion and cell 

volume narrowing according to the difference of concentrations. Variation in microstrain may 

be due to the change in microstructure, size and shape of the particles [16]. In Table 2 the lattice 

parameter (𝐚𝐡𝐤𝐥), microstrain (ε) and crystallite size (D) values are shown. 

 

Table 2: The structural measurements of prepared samples from (200) diffraction. 

Samples 
2𝜽 

[°] 

𝜷= FWHM 

[°] 

𝒂𝟐𝟎𝟎 

[𝐀°] 

𝑫𝟐𝟎𝟎 

[𝐧𝐦] 

𝜺𝟐𝟎𝟎 

× 𝟏𝟎−𝟑 

Pure NiO 43.192 0.898 4.1876 9.52 9.9 

𝐍𝐢𝟎.𝟗𝐂𝐮𝟎.𝟏𝐎 43.07 1.212 4.199 7.05 13.4 

𝐍𝐢𝟎.𝟗𝐂𝐮𝟎.𝟎𝟕𝟓𝐙𝐧𝟎.𝟎𝟐𝟓𝐎 43.09 1.122 4.1972 7.61 12.4 

𝐍𝐢𝟎.𝟗𝐂𝐮𝟎.𝟎𝟓𝐙𝐧𝟎.𝟎𝟓𝐎 43.10 1.180 4.1962 7.23 13.04 

𝐍𝐢𝟎.𝟗𝐂𝐮𝟎.𝟎𝟐𝟓𝐙𝐧𝟎.𝟎𝟕𝟓𝐎 43.02 0.953 4.2036 8.95 10.55 

𝐍𝐢𝟎.𝟗𝐙𝐧𝟎.𝟏𝐎 42.997 0.831 4.2056 10.27 9.21 

 

 

3.2 Optical properties 

Absorbance measurements were performed for pure NiO and 𝐍𝐢𝟎.𝟗(𝐂𝐮𝟏−𝐱𝐙𝐧𝐱)𝟎.𝟏𝐎 

nanostructures at x= 0, 0.25, 0.5, 0.75 and 1 recorded in the wavelength range from 190 nm to 

1100 nm. Fig 2a shows the change of the absorbance spectra as a function of the wavelength. 

Figure 2a shows the UV–Vis absorption spectra with the absorption peak of pure NiO at about 

332 nm while, 𝐍𝐢𝟎.𝟗(𝐂𝐮𝟏−𝐱𝐙𝐧𝐱)𝟎.𝟏𝐎 presente the absorption peaks at the range of (309 – 319 

nm) that indicate to blue shift of the absorption peaks . Optical absorption data at x= 0 indicated 

strong absorption peaks shifted towards blue (to higher wavelength) with respect to the peak of 

undoped NiO NPs due to quantum confinement effect[10]. The blue shift of the absorption 

peaks occur because of Burstein–Moss effect, which confirm  the quantum confinement effect 

[11]. In Figure 2b it can observed that the transmittance of pure NiO nanostructure reduces after 

the incorporation of the single and dual doped NiO nanostructures. The obtained transmittance 

was found to be about 85% for pure NiO while in the range (75 - 78%) of transmittance for 
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single and dual doped NiO nanostructures, this range located in the visible light spectra. This 

results are consistent with the previous studies [10, 11]. 

 

 

Figure 2. (a) Absorbance and (b) Transmittance spectra of undoped and doped NiO nanostructures. 

 

 

The absorption coefficient (α) of the prepared samples can be calculated as follows [17]: 

𝛂 = 𝟐. 𝟑𝟎𝟑
𝐀

𝐝
                                                                                     (4) 

Where (d) is the thickness of the sample cell and (A) is the measured absorbance by UV–Visible 

Spectrophotometer in as plotted in Figure 2a. The optical band gaps of samples have been 

calculated from Tauc’s plot equation [18, 19] an extrapolation of the linear region of the plot 

(𝛂𝐡ʋ)𝟐 versus energy (𝐡ʋ) gives the optical bandgap value 𝐄𝐠: 

(𝛂𝐡ʋ)𝟐=𝐁(𝐡ʋ − 𝐄𝐠)                                                                          (5) 

where (𝐡ʋ) is the incident photon energy and (B) is a constant depending on the material. Figure 

3a shows Tauc plot for pure NiO and 𝐍𝐢𝟎.𝟗(𝐂𝐮𝟏−𝐱𝐙𝐧𝐱)𝟎.𝟏𝐎 at x= 0, 0.25, 0.5, 0.75 and 1. 

Bandgap energy of pure NiO is 3 eV which was in good agreement value with results that 

published by Alshahrie et.al., [20] and Hosny [21]. The single and dual doped NiO samples 

presents higher 𝐄𝐠 values (3.22 – 3.18 eV) than pure samples as listed in Table 3. The results 

clearly indicate that the doping increased the band gap which indicated formation of smaller 

particle size due to quantum confinement effect that agree with Amita et.al., [22]. In general, 

the charge transfer from the O 2p states to the unoccupied Ni 3d states affected directly by the 

distortion of the 𝐍𝐢𝐎𝟔 octahedra due to the increasing of dopant content [23]. The dopant 

occupation of the Ni sites indicates to reduce the nonlocal Zhang-Rice bound state, thus the 

band gap energy increase. The maximum change in bandgap of NiO were observed for 

𝐍𝐢𝟎.𝟗𝐂𝐮𝟎.𝟏𝐎 (3.22 eV) at x= 0.25. 
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Figure 3. (a) Optical band gap energy (Eg) and inset shows the cut-off values on horizontal axis 

(photon energy axis). (b) Lnα versus E fitted to the best straight lines for the undoped and doped NiO 

nanostructures. 

 

Table 3: The optical band gap and Urbach tail energies of prepared samples. 

 

 

The Urbach tail width calculated using equation [24, 25]: 

𝛂 = 𝛂𝟎𝐞𝐱𝐩 (𝐡𝐯/𝐄𝐮)                                                                      (6) 

where 𝛂𝟎 is characteristic constant depends on materials. The plotting data of on y-axis versus 

corresponds to the exponential range (Urbach tail range) on x-axis explored a linear relation as 

shown in Figure 3b. The values were obtained for all prepared samples from the inverse of the 

slope values of the linear fit and listed in Table 3. Urbach tail energy 𝐄𝐮 values followe the 

opposite behavior of band gap energy values because of the increase of the disorder and defect 

states with dopant [12]. The minimum value of  𝐄𝐮 was 2.04 eV at x=1. 

 

The refractive index (n) and absorption index (k) calculated from equation [24]:  

𝐤 =
𝛂𝛌

𝟒𝛑
                                                                                                     (7) 

Samples 
𝑬𝒈 

[𝐞𝐕] 

𝑬𝒖 

[𝐞𝐕] 

Pure NiO 3 2.06 

𝐍𝐢𝟎.𝟗𝐂𝐮𝟎.𝟏𝐎 3.22 2.10 

𝐍𝐢𝟎.𝟗𝐂𝐮𝟎.𝟎𝟕𝟓𝐙𝐧𝟎.𝟎𝟐𝟓𝐎 3.1 2.54 

𝐍𝐢𝟎.𝟗𝐂𝐮𝟎.𝟎𝟓𝐙𝐧𝟎.𝟎𝟓𝐎 3.06 3.04 

𝐍𝐢𝟎.𝟗𝐂𝐮𝟎.𝟎𝟐𝟓𝐙𝐧𝟎.𝟎𝟕𝟓𝐎 3.18 2.34 

𝐍𝐢𝟎.𝟗𝐙𝐧𝟎.𝟏𝐎 3.16 2.04 
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n=
𝟏+𝐑𝟏/𝟐

𝟏−𝐑𝟏/𝟐                                                                                                   (8) 

 

Figure 4a shows the single and dual doped NiO NPs that indicated the higher refractive 

index at x= 0 and x= 0.75 respectively. Results presented that Cu dopants increased the 

refractive index due to higher polarization of Cu atoms in the NiO lattice matrix and in pure 

NiO sample was the lowest one indicated that NiO host lattice doesn’t contain major defects 

[26]. The real and imaginary parts of the dielectric constant can be calculated from equation 

[27, 28]: 

𝛆 = 𝛆𝟏 − 𝐢𝛆𝟐                                                             (9) 

ε1 =  n2 − k2 and ε2 = 2nk                      (10) 

Figure 4. (a) Refractive index (n), and (b) Absorption index (k) of undoped and doped NiO 

nanostructures as a function of wavelength at different values of x. 

 

The calculated values of 𝛆𝟏and 𝛆𝟐 as functions in the photon energy for prepared pure, 

single and dual doped NiO nanostructures are shown in Figure 5. From Figure 5a shows the 

calculate value of the real parts of the dielectric constant for samples between 11 s/m and 33.11 

s/m in range~𝟑. 𝟕 𝐞𝐕. The single doped NiO at x= 0 (10 wt.% Cu and 0 wt.% Zn) and dual 

doped NiO at x= 0.75 (2.5 wt.% Cu and 7.5 wt.% Zn) obtained the higher values of dielectric 

constant. It can be observed that the value of real and the imaginary parts of dielectric increasing 

with increase doping. 
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Figure 5. (a) The real (𝛆𝟏) and imaginary (𝛆𝟐) (b) parts of the dielectric constant on the photon energy 

for the undoped and doped NiO nanostructures. 

Optical conductivity (𝛔𝐨𝐩𝐭) of the pure and doped NiO nanostructures can be calculated 

from equation[29]: 

𝛔𝐨𝐩𝐭=
𝛂𝐧𝐜

𝟒𝛑
                                                                    (11) 

whereα, n and c are given by, absorption coefficient, refractive index and speed of light (3 × 

108 m/s), respectively. In Figure 6 can observed that the optical conductivity increasing with 

increase photon energy for all samples. The prepared samples exhibited the maximum of σopt 

in range from 2.4 × 1010 to 3.6× 109 s−1 over ultraviolet region and minimum value in range 

1.1 × 1010 to 2.6 × 109 s−1 over visible light region which approved that these samples 

preserve good photo response. 
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Figure 6. Optical conductivity on the photon energy for the undoped and doped NiO 

nanostructures. 

 

 

3.3 DC electrical conductivity (𝝈𝒅𝒄) 

Current-voltage measurements are in order to evaluate electrical properties of pure NiO, 

single and dual doped NiO nanostructures. The resistance (R) is obtaining from the I-V 

measurements. The DC electrical conductivity values was measured for all prepared samples 

using the following formula [30]: 

𝛔𝐝𝐜 =
𝟏

𝐑
×

𝐥

𝐀
                                                                               (12) 

where R is the measured resistance, A is the cross-section area and l is the pellet thickness.  σdc 

of  NiO by I-V measurements is 3.70× 10−5 S.cm−1 this result close from study Biju [31]. The 

DC electrical conductivity was affected by substitution of Cu2+and Zn2+ in NiO crystal lattice 

that decrease from 1.620 × 10−4  S. cm−1  to 2.00 × 10−5 S. cm−1 . Figure 7 showed DC 

conductivity (σdc) and optical band gap energy ( Eg ) versus x values for pure NiO 

andNi0.9(Cu1−xZnx)0.1O.  
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Figure7. DC electrical conductivity σdc of the NiO samples by I-V measurements versus band gap 

energy (Eg) as a function of x values. by I-V measurements. 

 

 

4 Conclusions 

Pure NiO, single and dual doped NiO nanostructures with x = 0, 2.5, 5, 7.5, and 10 wt% 

were successfully prepared by the co-precipitation method and annealed at 350 ℃ for 2 hours. 

The XRD patterns showed that the average value of crystallite size was between 7.05 and 10.27 

nm. The addition of dopants increases the energy gap (Eg) from 3 eV for pure NiO. The 

maximum change in the band gap of NiO at x = 0.25 due to the occupation of Ni sites by the 

dopants indicates a decrease in the nonlocal Zhang-Rice bonding state, which increases the 

band gap energy. Due to the Cu and Zn cations causing substitutional defects in the NiO band 

gap, the dual doped NiO samples had lower σdc values than the single doped samples. Dual 

doped NiO nanostructures will exhibit novel improved properties when the concentration of 

metal dopants is changed, or these dopants are replaced by others in photoelectronic 

applications. 
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