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Abstract 

The modifications in the microstructure and optical properties of cobalt doped nickel oxide 
nanoparticles (Ni1-xCoxO, x= 0, 0.01, 0.03, 0.05 and 0.10) synthesized by co-precipitation 
method is reported here. X-ray diffraction, field emission electron microscope, energy 
dispersive X-ray spectroscopy, and high resolution transmission electron microscopy 
techniques reveal successful incorporation of Co into the NiO lattice without compromising 
its intrinsic structure. X-ray photoelectron spectroscopy analysis confirms the compositional 
purity of the sample. The bandgap tuning of NiO is achieved by Co doping as confirmed by 
UV–visible absorption studies. Significant variation is observed in the luminescence intensity 
with Co doping. Surface oxygen vacancies and defects play a pivotal role in controlling the 
emission properties of NiO. This is the first report on the enhancement of PL intensity with 
Co doping of NiO nanoparticles. The modified spectral response of Co doped NiO is 
expected to have various optoelectronic applications.
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1. Introduction

Nanoscale transition metal oxides are gaining considerable attention owing to their 

excellent performance in various applications. Among them, nickel oxide (NiO) has attracted 

considerable research interest due to its low cost, durability, excellent electrochemical 

stability and various manufacturing possibilities [1]. It is one of the very few p-type 

semiconducting oxides with a wide bandgap in the range of 3.6 – 4 eV [2]. It is a promising 

metal oxide for many applications such as electrochromic displays [3], gas sensors [4], 

catalysis [5], magnetic materials [6], anode material in Li ion batteries [7] and dye-sensitized 

solar cell (DSSC) technologies [8]. But, its low valence band edge restricts the wide use of 

NiO in DSSCs [9]. Unfortunately the large bandgap has restricted its applications only into 

the harmful and expensive ultra violet region. The efficiency of NiO as a light absorber in 

photovoltaic applications is greatly reduced, as it is virtually inactive in the visible region. 

Therefore, tailoring of the bandgap is essential for modifying the properties of NiO for 

optoelectronic device applications. 
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Doping is the primary technique used to control the properties of nanostructured 

semiconductors and to obtain new materials of technological importance [10]. The 

introduction of impurities can create defects in the host lattice, thereby changing its optical, 

magnetic and electrical properties. The doping of transition metal elements like cobalt and 

zinc at the nickel site can strongly modify the optical properties of NiO. The high solubility 

and abundant electron states make cobalt (Co) a promising dopant in NiO systems [11]. As 

Co is a good luminescence activator, it can also modify the emission properties of NiO [12]. 

The lattice parameters of nickel oxide and cobalt oxide, both having rock salt structure are 

4.195 and 4.261 Å, respectively. Also the crystal ionic radius of Ni (0.69 Å) is comparable 

with that of Co (0.74 Å) [13]. Hence, NiO can be doped with relatively high amount of Co 

without causing much lattice strain. A few reports are available on the studies of Co doped 

NiO nanoparticles. Natu et al. reported the lowering of Fermi level of NiO thin film with 

cobalt doping which makes them suitable for p-type DSSCs [14]. The optical bandgap of NiO 

is found to decrease with Co doping as reported by Taşkopru et al. [15]. Agarwal et al. 

reported a decrease in the emission intensity of NiO on Co doping [16]. However, no reports 

cover a detailed investigation of effect of Co doping on structural and optical properties of 

NiO nanoparticles. To bridge the existing gap in the reported literature, we report detailed 

microstructural and optical studies of pristine and cobalt doped NiO nanoparticles. Compared 

to other reports, significant reduction in crystallite size is obtained in the present study.

Several techniques have been used for the synthesis of pristine and doped NiO 

nanostructures such as sol-gel [17], co-precipitation [18], hydrothermal [19], solvo-thermal 

[20] and chemical precipitation [21, 22]. Among them, the preparation of pure and cobalt-

doped NiO nanostructures through chemical co-precipitation can control the crystallite size 

and morphology of the samples [23]. NiO nanoparticles doped with low, intermediate and 

high dopant levels (1, 3, 5 and 10 mol %) of cobalt through chemical co-precipitation method 

are chosen for the present study.

In the present work, NiO nanoparticles doped with different dopant levels of Co are 

synthesized through chemical co-precipitation method. The synthesized samples are 

structurally characterized by X-ray diffraction (XRD), field emission scanning electron 

microscope (FESEM), energy dispersive X-ray spectroscopy (EDAX), X-ray photoelectron 

spectroscopy (XPS), high resolution transmission electron microscopy (HRTEM) and Fourier 

transform infrared (FTIR) spectroscopy. Optical properties of the samples are investigated 

using UV – Visible absorption and photoluminescence (PL) spectroscopic techniques. These 
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systematic studies elucidate new results for potential applications and stand the first 

comprehensive report.

2. Experimental 

All chemicals used in this experiment are of analytical grade.  Nickel nitrate 

hexahydrate (Ni (NO3)2·6H2O, 99.8%, Sigma Aldrich), Ammonium carbonate ((NH4)2CO3, 

99.9%, Merck), Cobalt nitrate hexahydrate (Co (NO3)2.6H2O, 99.8%, Sigma Aldrich) are 

used for the synthesis of the samples. 

2.1 Synthesis

In the present work, pristine and cobalt doped NiO nanoparticles with 1, 3, 5 and 10 

mol % of doping are prepared by chemical co-precipitation method [24]. To synthesize NiO 

nanoparticles, 0.1 M solution of nickel nitrate hexahydrate [Ni (NO3)26H2O] is prepared at 

room temperature. The carbonate precursor is chemically precipitated by slowly adding 0.1 

M aqueous solution of ammonium carbonate [(NH4)2CO3] at room temperature under 

magnetic stirring for 30 minutes. The precipitate is allowed to settle down overnight and then 

washed several times with distilled water to remove the unreacted salts and impurities. 

Finally the precipitate is filtered and dried in a hot air oven at 70oC for 18 h. The dried 

product obtained is powdered and calcined at 400oC for 3 h in a muffle furnace to obtain NiO 

nanoparticles. The same procedure is followed for the synthesis of Co doped NiO samples, 

with the addition of stoichiometric amounts of cobalt nitrate hexahydrate [Co (NO3)2.6H2O]. 

The synthesized pristine NiO nanoparticles and 1, 3, 5 and 10 mol % Co doped NiO 

nanoparticles are denoted as C0, C1, C3, C5 and C10 respectively.

2.2 Characterization Techniques

The structure and phase purity of the prepared samples are identified using Bruker D8 

Advance X-ray diffractometer with Cu-Kα as the radiation source of wavelength 1.5406 Å. 

The samples are scanned in the range of 30 – 90o, at the rate of 0.005o/s and step size of 

0.02o. Field emission scanning electron microscope and energy dispersive X-ray spectroscopy 

attached with the FESEM equipment (Ultra Plus, ZEISS) is utilized for the micro structural 

and compositional analyses of the samples. The morphology of pristine and doped samples is 

analyzed by JEOL-3010 high resolution transmission electron microscope. The elemental 

composition of the sample is studied by X-ray photoelectron spectroscopy (PerkinElmer 

590/550 A). The IR spectra are recorded by a Fourier transform infrared spectrophotometer 

(Perkin Elmer Spectrum 100). 
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The optical absorption spectra of the samples are obtained from a Shimadzu 

2600/2700 UV - Visible spectrophotometer in the wavelength range of 200–800 nm. 

Photoluminescence spectrum is recorded using Fluoromax 3 spectrophotometer using 280 nm 

as excitation wavelength at room temperature.

3. Results and Discussion

3.1 XRD Analysis

The powder X-ray diffraction patterns of pure and Co doped NiO nanoparticles 

calcined at 400oC are shown in Fig. 1. All the diffraction peaks of both pristine and doped 

samples are well indexed with the standard JCPDS Card no. (73-1519). All patterns exhibit a 

cubic structure with a preferential orientation along (200) plane without any additional 

impurity phase, indicating that the structure is not affected by Co substitution. The peaks 

corresponding to (111), (200), (220), (311), and (222) planes confirmed the formation of 

face-centred cubic (fcc) structure with space group Fm3m [25].  For all dopant 

concentrations, no evidence of secondary phases or phases other than that of NiO is found 

which indicates that the Co dopant get substituted at the Ni site without affecting the cubic 

structure. Only slight shift in the peaks is observed in the doped samples which confirm 

substitutional doping. In addition, a decrease in the intensity of diffraction peaks is observed 

with an increase in doping concentration, indicating a loss of crystallinity and decrease in 

crystal symmetry due to lattice distortion. This suggests an increase in micro strain due to 

disorder in the crystalline structure with Co doping [26]. The average crystallite size of the 

samples calculated using Scherrer equation [27] is found to be 9.7, 7.7, 7, 7.5 and 8.2 nm 

respectively for C0, C1, C3, C5 and C10 samples. The crystallite size is found to decrease 

with increase in doping concentration up to 3 mol %, but shows an increasing trend 

thereafter. This indicates that for lower doping concentrations, substitutional replacement of 

 with Co2+ions may occur. However at higher doping, the dopant ions enter into the Ni

interstitial sites of NiO lattice [28]. 

The size (D) and microstrain (ε) contribution to XRD peak broadening could be 

obtained from the full-width at-half-maximum (FWHM) of the diffraction peaks using Hall-

Williamson relation [29],

βcosθ = kλ/D + 4εsinθ. (1)
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Fig.1 XRD patterns of NiO and  doped NiO nanoparticles Co

The slope of the straight line graph (Fig.2) obtained by plotting (βcosθ) vs (4sinθ) 

gives the microstrain ε, while the average crystallite size corrected for microstrain is obtained 

from the y-intercept. Geometric parameters of NiO nanoparticles obtained from XRD results 

are presented in Table 1. The table confirms that the crystallite size estimated from 

Williamson-Hall plot matches with that calculated using Scherrer equation. The microstrain 

is found to increase with doping, as expected. The comparatively large values of microstrain 

for the C5 and C10 samples confirm the interstitial incorporation of Co ions, as discussed.
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Fig.2 W – H plot of NiO and Co doped NiO nanoparticles

 



ACCEPTED MANUSCRIPT

Table 1.Geometric parameters of pure and Co doped NiO samples from XRD spectra

Crystallite size (nm)
Sample FWHM of 

(200) peak
d spacing of 
{200} planes Scherrer 

equation
W-H 

analysis

Microstrain

C0 0.972 0.2088 9.7±0.19 9.30±0.186 3.95x 10-4

C1 1.086 0.2081 7.7±0.15 7.90±0.158 2.454x 10-4

C3 1.229 0.209 7.0±0.14 7.55±0.151 4.035x 10-4

C5 1.170 0.2083 7.5±0.15 8.50±0.170 17.5x 10-4

C10 1.129 0.2079 8.2±0.16 9.80±0.196 25.3x 10-4

3.2 FTIR Studies

In order to understand the chemical bonds and molecular structure of the samples, 

FTIR spectra are recorded. Fig.3 shows the FTIR spectra of pure and Co doped NiO samples 

in the range 400 to 4000 cm-1. The absorption band centred at 415 cm-1 is assigned to Ni–O 

stretching vibration mode [30]. The broad absorption band centered at 3427 cm-1 is assigned 

to O-H stretching vibration and the band at 1630 cm-1 is attributable to H-O-H bending 

vibration mode [25, 31]. The sharp peak located at 1383 cm-1 is due to atmospheric CO2 

absorption [32]. No additional absorption peaks are observed in the spectrum with the 

addition of Co, which indicates the homogeneous dispersion of the dopant in the host 

material. This is in accordance with the XRD results.
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Fig.3 FTIR spectra of NiO and Co doped NiO nanoparticles

3.3 Electron Microscopy

3.3.1 FESEM and EDAX

The surface morphology of pure and Co doped NiO nanoparticles are studied by 

FESEM analysis. The FESEM images of pristine and doped samples are shown in Fig. 4. The 

images show non-spherical particles with uniform size. The uniform grain distribution as 

seen in the images confirms complete incorporation of Co in the NiO lattice.  Aggregation of 

particles is observed for all the samples, which may be due to their small crystallite size. The 
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nanoparticles have a tendency to agglomerate in order to minimize the high surface energy 

caused by the high surface area to volume ratio [26].

Fig.4 FESEM images of NiO and Co doped NiO nanoparticles

The chemical compositions of the synthesized NiO nanoparticles doped with different 

Co concentrations are measured by EDX spectra, are shown in Fig. 5. The patterns confirm 

the presence of Ni, O and Co as the only elementary species in the sample. No additional 

peaks corresponding to any other elements are observed. Hence the synthesized materials are 

pure and without any contamination. The result of EDX analysis matches with the doping 

percentage, and is presented in Table 2.
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Fig.5. Chemical composition of NiO and Co doped NiO nanoparticles

Table 2.Chemical composition of the samples
 

Atomic percentage
Sample Ni O Co

S0 39.25 60.75 0
C1 40.97 58.43 0.6
C3 61.52 36.26 2.22
C5 52.01 44.2 3.79
C10 48.57 43.89 7.54
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3.3.2 TEM

TEM analysis is done to further elucidate the morphology and nanostructure of the 

samples. TEM bright field images, HRTEM images and selected area electron diffraction 

(SAED) patterns of all the samples are portrayed in Fig. 6. TEM images reveal that the 

particles are not spherical in shape. The average particle size of C0, C1, C3, C5 and C10 

samples are measured to be 11.4, 9.9, 8.1, 9.5 and 9 nm respectively. HRTEM images show 

fringe pattern for all the samples. SAED patterns taken for pristine and Co doped samples 

show clear spots arranged in ring shape corresponding to different planes of NiO. The 

patterns confirm the crystalline nature and phase purity of the samples. Table 3 gives the 

structural parameters of the samples obtained from TEM images.

Table 3. Geometrical parameters of the samples from TEM images
d spacing from SAED patterns 

(nm)Sample
Average particle 
size from TEM 

images (nm)

d spacing from 
HRTEM images 

(nm) (111) (200) (220)
C0 11.4±0.228 0.21 (200) 0.2856 0.2463 0.1745

C1 9.9±0.198 0.21(200) 0.2841 0.2462 0.1742

C3 8.1±0.162 0.17 (220) 0.2857 0.2435 0.1740

C5 9.5±0.19 0.16 (220) 0.2834 0.2418 0.1730

C10 9.0±0.18 0.21(200) 0.2790 0.2410 0.1719
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Fig.6 a) Bright field images, b) HRTEM images and c) SAED patterns of NiO and Co 

doped NiO nanoparticles
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3.4 XPS Studies

XPS analysis aims to identify the oxidation states of the constituent ions present in the 

sample. The XPS wide spectra of all the samples are shown in Fig. 7a. The characteristic 

peaks corresponding to Ni, O and Co observed in the spectrum of all doped samples confirm 

the compositional purity of the samples. Slight shift in the binding energies to higher values 

is observed, which can be ascribed to Co doping. Fig.7 (b-d) shows the core level spectrum of 

Ni, O and Co respectively in sample C3. The Ni 2p spectrum exhibits the characteristic 

double peaks for 2p3/2 and 2p1/2 main lines. The peaks at binding energies 853.4 and 855.2 eV 

correspond to Ni2p3A and Ni2p3B and those at 870.9 and 878.8 eV to Ni2p1A and Ni2p1B 

respectively. The extra peak at high binding energy indicates the presence of small amount of 

Ni3+ along with the Ni2+ states [33, 34]. Due to shake up process, the satellite peaks appear at 

860.7 eV (Ni2p3) and 878.8 eV (Ni2p1) respectively [35]. The Ni2p spectrum matches well 

with the reported XPS peak positions and shapes. The high resolution O 1s spectra can be 

resolved into two components at 529 and 530.9 eV which corresponds to O 1s core level of 

the O2- anions in the sample and the adsorbed oxygen on the sample surface respectively. In 

the spectrum of cobalt, the peak at a binding energy of 778.95 eV corresponding to Co2p3 

confirm the presence of Co2+ ions in the sample [35, 36] 
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Fig.7. XPS spectra of a) all samples (wide scan), b) Ni 2p, c) O 1s and d) Co 2p

3.5 Optical Studies   

3.5.1 UV- Visible 

UV-visible absorption spectra of pure and doped samples of NiO nanoparticles are shown 

in Fig.8. All samples exhibit strong UV absorption along with extended visible light 

absorption. The UV absorption corresponds to the bandgap absorption of NiO. Pristine NiO 

has very good absorption in the entire visible range too. Absorption in the wavelength longer 

than 400 nm is due to the presence of excess oxygen in the lattice which is confirmed by the 

EDX data. This leads to the creation of Ni2+ vacancies and in order to acquire local charge 

compensation, two Ni3+ ions are produced. This change in the oxidation state of Ni is the 

reason for the featureless absorption in the visible region [37, 38]. This inference is consistent 
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with the XPS measurement. As the doping concentration increases, broad absorption in the 

visible region decreases which may be due to the change in stoichiometry as evident from the 

EDX data. The absorption becomes more selective, with the samples C5 and C10 having a 

hump in the 350 – 500 nm range. This is due to the ligand to dopant (O2- → Co2+) charge 

transfer [39]. The intensity of the Co related peak is found to increase with increase in dopant 

concentration. 

Fig.8 UV – visible absorption spectra of NiO and Co doped NiO nanoparticles

The pristine NiO sample has the absorption edge at 347 nm which is found to get slightly 

red shifted with increase in doping concentration. The optical bandgap values determined 

from the hν - (αhν)2 graph ( Fig.9) for C0, C1, C3, C5 and C10 are 3.71, 3.65, 3.58, 3.56 and 

3.24 eV respectively. The energy bandgap of NiO exists between the O 2p states of the 

valence band and Ni 3d states of the conduction band. The decrease in the optical bandgap on 

Co doping is due to the structural modifications of NiO. Since the XRD data show no 

obvious structural changes, local structural modifications surrounding the Co dopant atoms 

may play a key role in the mechanism underlying the observed bandgap narrowing. Doping 

introduces oxygen vacancies, which is clear from the EDX data. According to XPS results, 

cobalt exists in Co2+ oxidation state in the sites occupied by cations in the host lattice [15]. 

Such Co ions and oxygen vacancies introduce some additional energy levels in the NiO 
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bandgap near the valence band edge. Consequently, the absorption edge transition for the 

doped material can be from O 2p to Co 3d state which leads to the decreased optical bandgap 

[10]. The increased sp-d exchange interactions between the band electrons and the localized d 

electrons of Co2+ cations also contribute to bandgap narrowing [40]. Therefore, the sub-band 

states of Co2+ and the oxygen vacancy states are responsible for the reduction of effective 

bandgap of NiO nanoparticles. As the doping concentration increases, the defect levels go 

deep into the band gap which further reduces the bandgap. Thus the bandgap of NiO can be 

reduced considerably by Co doping without causing any significant structural modifications, 

which makes them useful for various optoelectronic applications.

Fig.9 Tauc plots of NiO and Co doped NiO nanoparticles
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3.5.2 PL Analysis

The room temperature PL spectra of pure and Co doped NiO samples excited at a 

wavelength of 280 nm are shown in Fig.10. Strong UV emission centred at 380 nm (3.26 eV) 

is observed along with well-resolved shoulder peaks at 447 nm (2.78 eV), 465 nm (2.67 eV), 

490 nm (2.53 eV) and 512 nm (2.43 eV). The shoulder peaks corresponding to violet, blue 

and green emissions might be ascribed to defect states such as nickel vacancies, oxygen 

vacancies and nickel interstitials. This wide range of emission extending from UV to the 

visible region originates from the defect levels of NiO nanoparticles. It is reported that the 

UV emission due to excitonic recombination corresponds to the near band edge emission of 

NiO [41]. The shoulder peaks in the visible region originate from the radiative recombination 

of photo-generated holes with electrons occupying the surface oxygen vacancies and defects 

[42]. 

Fig.10 PL spectra of NiO and Co doped NiO nanoparticles

Co doping does not give rise to new emission compared to that of undoped NiO, 

however, it has a great effect on the PL intensity. 1 mol % of Co doping led to a significant 

decrease in the emission intensity compared with that of pure NiO. The quenching of PL 

intensity confirms that an appropriate amount of Co doping inhibits the recombination rate of 
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photo generated electron–hole pairs. The PL intensity of C3, C5 and C10 samples are higher 

than that of pure NiO. The increase in the surface oxygen vacancies and defects, as evident 

from the EDX data can enhance the PL intensity of the doped samples. The levels 

corresponding to oxygen vacancies and defects in the bandgap bind the photo-induced 

electrons easily to form excitons, which makes the PL emission easy [43]. As the doping 

concentration increases, the dopant levels introduced in the energy gap can also act as 

recombination centers of photo-generated electron–hole pairs which in turn enhance the PL 

intensity. PL intensity for sample C3 is higher than that of C5, which may be due to smaller 

particle size. The decrease in particle size may also lead to an increase in oxygen vacancies 

which in turn enhances the PL intensity [44]. This is the first report on the enhancement of 

PL intensity with Co doping of NiO nanoparticles. The PL emission results are in good 

agreement with EDX and UV-Visible studies. Thus the PL emission studies of NiO with 

varying Co concentration, is an efficient method for the exploration of point defects such as 

oxygen/nickel vacancies and interstitials in the host lattice. In short, results of the optical 

studies confirm that doping with Co can be used to tune optical properties such as bandgap 

values and PL intensity of NiO nanoparticles for potential optoelectronic applications.

4. Conclusion

Ni1-xCoxO (x= 0, 0.01, 0.03, 0.05 and 0.10) nanoparticles are successfully prepared by 

a co-precipitation method. No evidence of secondary phases is found in the XRD pattern 

which indicates that the Co dopant get substituted at the Ni site without changing the cubic 

structure. The W-H plot shows an increase in microstrain with doping. Compositional 

analysis (EDS and XPS) ascertained the existence of only Ni, O, and Co in the synthesized 

samples. The PL intensity is found to vary considerably with Co doping. The red shift in the 

absorption edge and the reduction in bandgap of NiO with increase in Co doping 

concentration indicate the presence of oxygen vacancies at the nickel interstitials. In brief, the 

tuning of bandgap and PL intensity by Co doping of suitable concentrations makes NiO 

nanoparticles competent for various optoelectronic applications. 
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HIGHLIGHTS

 Particle size modulation and increase in microstrain on doping of NiO with Co2+ions
 Tuning of  bandgap on doping 
 Emission bands give an insight into the defect structure
 First report on the enhancement of PL intensity with Co doping of NiO
 First comprehensive report for the characterization of Co doped of NiO nanoparticles
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