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Towards fundamental studies and potential applications, achieving precise control over the 
generation of defects in pure ZnO nanocrystals has been always intriguing. Herein, we 
explored the role of spectator ions (Co2+ and Ni2+) in influencing the functional properties of 
ZnO nanocrystals. Crystalline quality, phase purity, and composition of as-prepared samples 
were thoroughly established by powder X-ray diffraction, electron microscopy (TEM and 
STEM), and by Raman and X-ray photoelectron spectroscopies (XPS). Despite the presence of 
Co2+ and Ni2+ ions in the reaction mixture, STEM-energy dispersive spectroscopy (EDS), XPS 
analysis, and inductively-coupled plasma mass spectrometry (ICP-MS) revealed that the ZnO 
nanocrystals formed are dopant-free. Even so, their luminescence and magnetic properties were 
substantially different from those of pure ZnO nanocrystals synthesized using similar 
methodology. We attribute the origin of these properties to the defects associated with ZnO 
nanocrystals generated under different but optimized conditions. 
 

 

Introduction  

Not merely dimensions, morphology, and composition, but the 
useful properties of nanomaterials are often driven by the 
defects associated with the nanomaterials; it may indeed be said 
that “defects define a device”. Thermodynamically, the 
formation of defects is a given and follows from the negative 
Gibbs free energy of formation of intrinsic defects.1 In general, 
therefore, defects are an integral part of materials, and could be 
located within the lattice or on the surface of nanomaterials. 
The higher surface-to-volume ratio in nanomaterials is 
accompanied by a corresponding increase in unsaturated 
bonding at the solid-air or solid-liquid interfaces. Such 
unsaturated bonding leads to enhancement in the overall 
concentration of surface defects.2,3 Various approaches have 
been adapted to control or induce the defects in semiconductor 
nanomaterials.4,5 
 Understanding the nature of these defects becomes 
important as the presence of such defects dictates the properties 
of semiconductor nanomaterials. Among various semiconductor 
nanomaterials, defects in ZnO nanomaterials have been 
investigated extensively.4 In addition to its stability, versatility, 
and low cost, ZnO nanostructures have been significant because 
of the variety of defects they can host. These features span a 
range of possible applications, making ZnO nanostructures the 
focus of investigations in a wide range of fields, such as 
ultraviolet laser devices, catalysis, and solar energy 
harvesting.6,7,8 
 ZnO is an n-type wide band-gap (3.37 eV) transparent 
semiconductor. The large exciton binding energy (~ 60 meV) 
and strong exciton emission impart a stable room temperature 

luminescence to the ZnO.6 In the literature, there are various 
reports explaining the origin of luminescence in pure ZnO 
nanostructures. Owing to quantum confinement and variation in 
the surface-to-volume ratio, the carrier recombination processes 
leading to emission depend on size of the ZnO nanomaterial. 
Fonoberov et al.9 documented that, in ZnO nanocrystals, the 
recombination processes are temperature-dependent and 
accordingly could be either acceptor-bound or donor-bound. In 
addition to size, the presence and the nature of defects 
considerably influence properties of ZnO nanostructures such 
as photoluminescence (PL) and cathodoluminescence (CL).  
 In the context of dilute magnetic semiconductors (DMS), 
doped ZnO nanostructures have been studied, theoretically as 
well as experimentally. Recently, it has been reported that ZnO 
can exhibit magnetic behavior in the nano-regime.10 Such 
ordered magnetic behavior could be attributed to surface 
defects, which could be pronounced under certain conditions in 
the nano-regime. Hong et al.11 demonstrated that reducing the 
dimension along the c-axis of dopant-free ZnO results in 
induced magnetism; however, size reduction along the other 
two axes, i.e., a and b, brought out no such magnetic behavior. 
 Herein, we report a simple and facile approach to induce 
defects in ZnO nanocrystals. Typically, in the presence of non-
zinc ions (Co2+or Ni2+), nearly monodisperse ZnO nanocrystals 
were synthesized by sonochemical decomposition of zinc 
acetylacetonate in ethanolic solution. The formation of dopant-
free ZnO (free of Co2+ (ZnO-Co) or Ni2+ (ZnO-Ni)), its phase 
purity, and monodispersity were established unambiguously by 
various analyses. The influence of defects on the functional 
properties of dopant-free ZnO nanocrystals has been 
established by recording their room temperature 
photoluminescence (colloid), cathodoluminescence (solid) and 
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low temperature magnetism. By controlling defects and thereby 
photophysical properties using a very simple approach renders 
the present effort unprecedented. 

Results and discussion 

ZnO nanocrystals were synthesized in the solution medium 
through sonochemical decomposition of zinc acetylacetonate in 
the presence of non-zinc ions (Co2+or Ni2+). 

Structural characterization  

The crystallinity of the pure ZnO, ZnO-Co and ZnO-Ni 
nanocrystals is shown clearly by powder XRD (Fig. 1). All 
observed peaks in the powder XRD patterns can be indexed to 
the hexagonal würtzite structure of ZnO (JCPDS No. # 36-
1451).  

The peaks are broader in ZnO-Co, and the average 
crystallite size in pure ZnO, ZnO-Co and ZnO-Ni, estimated by 
applying the Scherrer equation to the most intense peak (101), 
was found to be 28 nm, 21 nm, and 24 nm, respectively. 

 
Fig. 1 Powder X-ray diffraction patterns for pure ZnO, ZnO-Co and ZnO-Ni. 

 
 The Scherrer formula clearly shows that the as-prepared 
pure ZnO, ZnO-Co and ZnO-Ni samples comprise very fine 
hexagonal ZnO nanocrystals. To within the detection limit of 
XRD, no peak characteristic of the oxides of cobalt or nickel 
was found in the XRD patterns of ZnO-Co and ZnO-Ni, 
respectively.  

Raman spectral analysis 

Fig. 2 shows the Raman spectra of pure ZnO, ZnO-Co, and 
ZnO-Ni nanocrystals. ZnO exhibits P63mc or C6v symmetry and 
near the center of the Brillouin zone in ZnO, the vibration 
modes are: A1, a doubly degenerate E1, two doubly degenerate 
E2 and two B1 modes. A1 + E1 + 2E2 are the Raman-active 
modes in ZnO, where A1 and E1 are polar, and split into 
transverse optical (TO) and longitudinal optical (LO) phonons 
with different frequencies.12 

 
Fig. 2 Raman spectra of pure ZnO, ZnO-Co and ZnO-Ni nanocrystals. 

 
 The peak at 439 cm-1 corresponds to the E2 (high) mode, 
and the peak at 329 cm-1 can be assigned to second-order 
Raman scattering, whereas the peak at 581 cm-1 results from the 
polar symmetry mode that falls between A1 (LO) and E1(LO) 
modes of ZnO.13 The high-intensity peak observed at 439 cm-1 

(E2) confirms that the pure ZnO, ZnO-Co and ZnO-Ni 
nanocrystals are well crystallized. No peak corresponding to the 
any oxide of cobalt or nickel was observed. 

Morphological characterization: electron microscopy 

The crystallinity, morphology, size, and dispersion of the ZnO-
Co and ZnO-Ni nanocrystals were studied further using 
transmission electron microscopy (TEM) (Fig. 3).  The bright-
field TEM micrograph (BF-TEM) of ZnO-Co (Fig. 3a) displays 
the presence of individual, acicular nanocrystals with an 
average diameter of 24 nm. A high-resolution image (Fig. 3b) 
reveals crystal lattice fringes with d spacing of 2.8 Å and 2.5 Å, 
corresponding to the (100) and (101) plane of hexagonal ZnO, 
respectively, and are consistent with the corresponding FFT 
pattern in the inset. Similarly, BF-TEM micrograph of ZnO-Ni 
(Fig. 3d) features the presence of individual, acicular 
nanocrystals with an average diameter of 28 nm. A high-
resolution image (Fig. 3e) reveals crystal lattice fringes with d 
spacing of 2.5 Å, corresponding to the (101) plane of hexagonal 
ZnO, in accordance with the corresponding FFT pattern in the 
inset. The selected-area electron diffraction (SAED) patterns 
obtained for ZnO-Co (Fig. 3c) and ZnO-Ni (Fig. 3f) show rings 
with d spacing that match perfectly with hexagonal ZnO, 
corroborating the XRD data. The HRTEM reveals that the 
nanocrystals are well-formed, with the crystals of ZnO-Ni 
being larger on average than those of ZnO-Co. Such a variation 
in the particles sizes in ZnO-Co and ZnO-Ni could be attributed 
to the growth inhibition due to the presence of non-zinc ions, 
i.e., Co2+ or Ni2+ in the reaction mixture. 
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Fig. 3 (a-c) ZnO-Co nanocrystals, (d-f) ZnO-Ni nanocrystals: (a), (d) BFTEM images, (b), (e) HRTEM images (inset: FFT pattern); (c), (f) SAED patterns corresponding to 

hexagonal ZnO.  

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

 

Fig. 4 (a-c) ZnO-Co nanocrystals, (d-f) ZnO-Ni nanocrystals: (a, d) STEM bright-field image; (b, e) STEM dark-field images (c, f) EDS spectra. 

 Recently, Joo et al.14 reported the synthesis of 
nanostructured ZnO with rational control over the growth using 
the hydrothermal method, and documented a classical 
thermodynamics-based mechanism for growth. These authors 
explained the underlying growth inhibition by invoking a 
mechanism of competitive and face- selective electrostatic 
adsorption of non-zinc ions in a basic medium.    
 Even though no template or surfactant was employed in the 
present synthesis, aggregation or agglomeration was not 
observed, apparently because the low solution temperature 
limits the mobility gained by the growth species from sonic 
agitation. As nucleation occurs simultaneously everywhere in 
the solution subjected to the sonic field, prevention of 

aggregation results in the formation of nearly monodisperse 
nanocrystals. 
 Dispersion of nanocrystals in ZnO-Co and ZnO-Ni was 
further analysed by performing scanning transmission electron 
microscopy (STEM). The bright-field and dark-field imaging 
under the STEM mode for ZnO-Co (Fig. 4a, b) and ZnO-Ni 
(Fig. 4d, e) samples corroborated the TEM data. 
Correspondingly, the formation of well separated nanoparticles 
in ZnO-Co and ZnO-Ni may be attributed to slow nucleation 
under low temperature conditions. In addition, STEM-DF 
micrographs brought out the presence of surface cavities in 
ZnO nanocrystals, which presumably could be formed due to 
the etching facilitated by the presence of a strong sonic field.  
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Elemental analysis 

Electron microscopy amply evidenced the formation of nearly 
monodisperse pure ZnO (ESI), ZnO-Co and ZnO-Ni 
nanoparticles after sonicating the reaction mixture. As is 
known, the chemical composition strongly determines the 
properties of nanostructures. Therefore, energy-dispersive X-
ray analysis using the STEM mode and ICP-MS measurements 
for compositional analysis, and X-ray photoelectron 
spectroscopy (XPS) for binding energy determination were 
employed. EDS analysis performed in slow scan in STEM 
mode (Fig. 4c, f) revealed the absence of Co and Ni ions in 
ZnO-Co and ZnO-Ni nanocrystals, respectively, as no signal 
(marked by red arrows) corresponding to cobalt or nickel was 
detected.  
 XPS was employed to carry out the core level spectral 
analysis of our samples. Fig. 5 shows the XPS survey of ZnO-
Co (Fig. 5a), ZnO-Ni (Fig. 5b) and pure ZnO (Fig. 5c) samples. 
In addition, core shell XPS spectra of zinc in ZnO-Co (inset top 
right; Fig. 5a), ZnO-Ni (inset top right; Fig. 5b) and pure ZnO 
(inset top right; Fig. 5c) reveal two strong peaks at ~1022.30 eV 
and ~1045.43 eV with the spin-orbital splitting of ~23.1 eV. 
The peak positions at 1022.30 eV and 1045.43 eV are in 
agreement with the binding energies of divalent Zn 2p3/2 and Zn 
2p1/2, respectively.15 It is to be noted that no signal 
corresponding to cobalt or nickel was detected,16 respectively, 
in ZnO-Co and ZnO-Ni samples, even after recording high-
resolution spectra at energies corresponding to cobalt (inset 
bottom left; Fig. 5a) or nickel (inset bottom left; Fig. 5b).  
 Considering both the typical detection limit for EDS (100-
1000 ppm) and XPS (1.0-0.1 at.%)16b and the background 
arising from continuous X-rays, we further verified and 
ascertained, using ICP-MS analysis, that we had indeed 
obtained dopant-free ZnO nanocrystals. ICP-MS, with a 
detection limit of 0.01-10 ppb, has the sensitivity required to 
detect trace elements in solution and estimate their 
concentration. ICP-MS of acid-digested, diluted sample 
solutions of ZnO-Co and ZnO-Ni reconfirmed the absence of 
Co and Ni ions at different concentration levels, respectively, 
thus corroborating with EDS and XPS elemental analysis. 
 The absence of Co and Ni in the lattice or on the surface is 
thus clearly established. The selection of a “single source 
precursor” for Zn and O (namely, zinc acetylacetonate), in 
combination with low pH of the ethanolic solution and mild 
temperature (maximum temperature = 60 °C), leads one to infer 
that the incorporation of Co or Ni ions into the ZnO lattice 
might be infeasible under these conditions. As reported in the 
literature, for the precipitation of Co or Ni ions from the 
solution (for incorporation into ZnO), a strong alkaline medium 
or compelling reaction conditions, i.e., high temperature and 
pressure are required.17  

 

Effect of defects on the magnetic properties of dopant-free ZnO 

nanocrystals 

Bulk ZnO being diamagnetic, the incorporation of a magnetic dopant 
such as Co, Fe, or Ni into the ZnO lattice makes it imperative to 
examine whether the resulting sample is a DMS. Dietl et al.18 
reported room temperature ferromagnetism in M2+-substituted ZnO 
semiconductor (M = 3d elements). 

Fig. 5 XPS survey of ZnO-Co, ZnO-Ni and pure ZnO samples, insets; core shell 

Zn2p spectra of ZnO-Co, ZnO-Ni and pure ZnO nanocrystals, and high-resolution 

Co-2p and Ni-2p XPS spectra obtained, respectively, from ZnO-Co and ZnO-Ni 

samples. 

Nevertheless, the interpretation of the magnetic properties in 
DMS-ZnO is considered highly controversial.19,20 In addition to 
doping, the presence of defects associated with ZnO 
nanocrystals influence their magnetic properties considerably. 
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Mostly, the observed magnetic behaviour reveals a strong 
dependence on the ordering of dopant and defects, and on the 
synthesis methodology.21,22,23,24,25,26,27

 

 Hong et al.11 established the significance of shape 
anisotropy, apart from the effect of size in ZnO nanomaterial on 
its magnetic behavior. They showed, theoretically as well as 
experimentally, that the electronic bands formed from the 
oxygen (2p) and zinc (3d) levels split in 5-8 nm-thick ZnO  
nanoplates, thereby giving rise to magnetism in dopant-free 
ZnO nanoplates. Furthermore, Xu et al.28 summarized that 
controlling defects in the ZnO provides a dependable way to 
obtain reproducible intrinsic, homogeneous ferromagnetism at 
room temperature. Field-dependent magnetic measurements 
made on pure ZnO, ZnO-Co and ZnO-Ni nanocrystals at 2 K 
indicate paramagnetic behavior (Fig 6). Additionally these 
measurements revealed that magnetization depends strongly on 
the presence of non-zinc ions, i.e., Co2+ and Ni2+, in the 
reaction mixture during the synthesis.  
 

 

Fig. 6 Magnetic study of pure ZnO, ZnO-Co and ZnO-Ni nanocrystals: Field-

dependent magnetization measured at 2 K. 

  
The magnetization saturated at a field of 50 kOe, attaining at 2 
K a maximum value (Mmax) of 0.2 emu/g, 1.1 emu/g, and 2.1 
emu/g, respectively, for pure ZnO, ZnO-Co, and ZnO-Ni 
nanoparticles. The magnitude of magnetic moment observed 
above is significantly larger than the magnetic moment arising 
from the unsaturated bonds (10−3 emu/g) or from vacancies 
associated with the surface of pure ZnO nanoparticles, or 
measured in polycrystalline thin films containing 
nanocrystals.29,30 The magnetic behavior observed in ZnO-Co 
and ZnO-Ni could be attributed to defects, which were 
pronounced under optimized conditions in the nano-regime 

 

 

Effect of defects on the luminescence in dopant-free ZnO 

nanocrystals 

ZnO exhibits stable luminescence at room temperature and the 
carrier recombination processes leading to emission vary 
considerably with the dimension of the ZnO nanomaterial. 
Fonoberov et al.9 investigated the recombination processes in 4 
nm ZnO quantum dots, 20 nm ZnO nanocrystals, and in a 
reference bulk ZnO sample, with a large number of acceptor 
defects on the surface. From comparative analysis, they 
suggested that the PL emission in ZnO quantum dots originates 
in the recombination of acceptor-bound excitons and remains 
independent of temperature. However, in ZnO nanocrystals, the 
recombination could be either acceptor-bound or donor-bound, 
depending on the temperature. 

In addition to size, defects associated with ZnO 
nanocrystals influence their luminescence properties 
considerably, just as they do magnetic behavior. A typical PL 
spectrum of ZnO reveals a feature at about 380 nm, which 
could be attributed to free exciton recombination through 
exciton-exciton collisions,9 corresponding to the near-band-gap 
emission (NBE), as well as a broad peak over the visible 
region. Fig. 7 shows the PL spectra of pure ZnO, ZnO-Co, and 
ZnO-Ni nanocrystals dispersed in ethanol. The general features 
of the PL spectra are in good agreement with reports in the 
literature on ZnO nanostructures.9 The broad emission peak is 
associated with the various deep-level defects, such as zinc 
vacancy (VZn), oxygen vacancy (VO), zinc interstitial (Zni), 
oxygen interstitial (Oi) and single-ionized oxygen vacancies in 
ZnO.31-33 To explain these emissions, different hypotheses have 
been reported; nevertheless, the origin of these emissions 
remains debatable. The green emission is understood to be due 
to the recombination of electrons in singly-occupied oxygen 
vacancies (V*O) with photoexcited holes in the valence band.31  
Lin et al.32 proposed that emission in the blue is due to singly-
ionized deep donor levels (VO), and that yellow emission may 
be due to deep acceptors (Oi), and not due to shallow acceptors 
(VZn and OZn). Djurisic et al.33 attributed the origin of orange 
and red emission to defects associated with excess oxygen.  
 Comparative analysis of PL spectra (Fig. 7) shows that the 
strongest broad-band emission (BBE) is from ZnO-Ni 
nanocrystals, followed by ZnO-Co nanocrystals, which further 
confirms the formation of dopant-free ZnO nanocrystals. As 
documented,34 the dopant cations quench emission by providing 
alternate competitive pathways for recombination, thereby 
diminishing the intensity of BBE. Apparently, nanocrystals 
with a larger concentration of defects are known to have 
stronger BBE than NBE.35 The variation in the BBE intensities 
of ZnO, ZnO-Co, and ZnO-Ni nanocrystals conveys that 
emission due to defects could be tuned by simply changing the 
ambiance around nanocrystals during their formation, without 
altering their chemical composition. 
 To gain further insight into the impact of defects on the 
optical properties of zinc oxide nanocrystals, 
cathodoluminescence measurements were made. Owing to its 
high sensitivity, cathodoluminescence is considered a versatile 
technique in understanding point defects in semiconductors.36,37 
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Fig. 7 Room temperature photoluminescence (colloid) of pure ZnO, ZnO-Co and 

ZnO-Ni nanocrystals. 

 As shown in Fig. 8, the general features of the CL spectra 
are in accord with those of room temperature 
photoluminescence spectra. Similar to PL, 
cathodoluminescence spectra show near-band-gap emission at 
about 380 nm attributable to free exciton recombination 
through exciton-exciton collisions, and the BBE peaking  at 570 
nm, which can be attributed to emissions related to the  various 
deep-level defects in ZnO. Xi et al.36 attributed the green 
emission in cathodoluminescence to oxygen vacancies and blue 
emission to transitions from the conduction band and valence 
band to acceptor levels and donor levels, respectively. Doutt et 

al.37 used depth-resolved cathodoluminescence spectroscopy to 
investigate the distribution of different defects in ZnO crystals. 
Furthermore, the observed difference in the CL intensities 
could be explained on the basis of defects, not dopants, as the 
presence of dopant would have led to the quenching of 
luminescence. 

Fig. 8 Room temperature cathodoluminescence (solid) of pure ZnO, ZnO-Co and 

ZnO-Ni nanocrystals. 

 

Conclusions 

In summary, we have taken advantage of the mild conditions of 
sonochemical synthesis to obtain nearly monodisperse ZnO 
nanocrystals of dimension less than 30 nm, without 
incorporating the “spectator ions” of Ni and Co into the lattice. 
Despite the presence of Co2+ and Ni2+ ions in the reaction 
mixture, energy dispersive spectroscopy (EDS), ICP-MS, and 
XPS analyses showed clearly that the ZnO nanocrystals formed 
are dopant-free. The observed variation in the intensity of 
broad-band emission from ZnO nanocrystals conveys that 
emission due to defects could be tuned by simply changing the 
ambiance around nanocrystals during their formation, without 
altering their chemical composition. Achieving such control 
over photophysical properties by tuning defects using a very 
simple approach renders the present effort novel. For this 
reason, understanding the mechanism involved becomes 
imperative and investigations in this direction are under way in 
our group. 

Experimental section 

Materials and sonochemical setup 

Zinc acetylacetonate anhydrate (Merck) and HPLC-grade 
absolute ethanol (Commercial Alcohols, Brampton, Ontario) 
were used for the reaction. Co(NO3)2.6H2O and Ni(NO3)2.6H2O 
were purchased from S. D. Fine Chemical Limited. All the 
chemicals of analytical grade were used as-received, without 
further purification. An ultrasonic processor (SONIC Model 
VCX 500) operating at 20 kHz, equipped with  a solid Ti probe 
(13 mm diameter), was  used in the synthesis, while the 
amplitude of ultrasonic wave was selected as 50% of the 
maximum, with a duty cycle of 60%. 

Synthesis of ZnO nanocrystals 

ZnO nanocrystals were synthesized sonochemically from the 
complex zinc acetylacetonate. In a typical experiment, 1.98 g of 
anhydrous zinc acetylacetonate (Merck) and 0.146 g weight per 
cent of Co(NO3)2.6H2O or Ni(NO3)2.6H2O were dissolved in 80 
mL of ethanol (HPLC-grade). The resulting reaction mixtures 
were sonicated for 15 min with the vessel placed in an ice bath, 
followed by sonication for 15 min without the ice bath. For 
comparative analysis, pure ZnO nanocrystals were synthesized 
using a similar method without adding cobalt or nickel salts. 

Isolation and purification of powder 

Following sonication, the precipitate was separated from the 
supernatant by centrifugation at 4000 rpm for 20 min. The 
precipitate was washed twice with ethanol, followed by drying 
under ambient conditions. No size-selective precipitation was 
carried out. The samples obtained in the ambience of 
Co(NO3)2.6H2O  and Ni(NO3)2.6H2O are designated as ZnO-Co 
and ZnO-Ni, respectively. 

Analysis and measurements 

Bright-field transmission electron microscopy images 
(BFTEM),  high-resolution electron microscopy (HRTEM) 
images, selected-area electron diffraction (SAED) patterns, 
energy-dispersive-X-ray spectroscopy (EDS), and scanning 
transmission electron microscopy-elemental mapping (STEM-
EDS) images of nanocrystals were collected using a JEOL 
JEM-2100F operating at an accelerating voltage of 200 kV, 
equipped with an Oxford energy-dispersive X-ray (EDX) 

Page 6 of 8New Journal of Chemistry

N
ew

Jo
ur

na
lo

fC
he

m
is

tr
y

A
cc

ep
te

d
M

an
us

cr
ip

t



Journal Name ARTICLE 

This journal is © The Royal Society of Chemistry 2012 J. Name., 2012, 00, 1-3 | 7  

detector. The TEM specimens were prepared by slow 
evaporation of 20 µL diluted solutions obtained by the 
dispersion of powder samples in ethanol, deposited on formvar-
coated copper grid. Powder X-ray diffraction data were 
collected on a Bruker Advance D8 X-ray diffractometer with a 
graphite monochromator, using Cu Kα (λ = 0.154 nm) radiation, 
at a scanning rate of 0.2 deg min-1. X-ray photoelectron spectra 
(XPS) were recorded by employing Mg Kα X-rays as the source 
(hυ = 1253.437 eV) (Thermo Scientific Multilab 2000 XPS 
system). A quadrupole inductively-coupled plasma mass 
spectrometer (ICPMS, Thermo X Series II) was used for 
determination of element concentrations. ICP-MS samples 
were prepared by dissolving 5 mg of the pure ZnO, ZnO-Co, 
and ZnO-Ni solid nanoparticles using 2% nitric acid solution. 
The diluted solutions were analysed for Zn, Co, and Ni cation 
content. Each sample was analysed in triplicate.   
 Optical absorption and photoluminescence data were 
collected at room temperature using a Perkin Elmer Lambda 
700 UV-vis-near-IR spectrophotometer with a double 
monochromator optical system. Photoluminescence (PL) 
spectra of ZnO, ZnO-Co, and ZnO-Ni nanocrystals were 
obtained with excitation at 360 nm using a xenon lamp. 
Cathodoluminescence (CL) spectra of ZnO, ZnO-Co, and ZnO-
Ni nanocrystals were obtained with ULTRA 55, field-emission 
scanning electron microscope (Carl Zeiss) with Mono, using 
voltage of 20 kV and current of 300 nA. Raman spectra of the 
samples were obtained at room temperature (on a LabRAM HR 
(UV) instrument), using an argon ion laser (514 nm), with 
acquisition time 10 sec and a 50x long working distance 
objective (LMPlanFL N 50x/0.5) to record the data. The 
magnetic measurements were carried out on powder samples 
(8-10 mg) using a superconducting quantum interference device 
(SQUID) magnetometer (Quantum Design MPMS XL-5). 
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