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ABSTRACT: In current work, pure ZnO and Zn0.96−xCu0.04CoxO (0
≤ x ≤ 0.05) nanoparticles were synthesized by the co-precipitation
method. Structural analysis and phase determination of the formed
nanoparticles was carried out using X-ray diffraction (XRD) and
Williamson−Hall plots. The hexagonal wurtzite structure was
manifested by all the samples with divergent microstructures. The
change in lattice parameters, bond length, dislocation density, and
lattice strain indicates that Cu and Co were successfully incorporated.
Average crystallite size was found to be in the range of 32.16−45.42
nm for various doping concentrations. Field emission scanning
electron microscopy results exhibited that the surface morphology is
an amalgam of spherical-like and hexagon-like structures. Spherical-
shaped grains were homogeneous and evenly distributed all over the
structure. Fourier transform infrared spectra indicated that the absorption bands were blue-shifted with increasing Co concentration.
The UV−visible absorption spectra showed high absorption in the UV region and weak absorption in the visible region. An increase
in the energy band gap for the maximum absorption peak was observed from 3.49 eV for ZnO to 3.88 eV for Zn0.91Cu0.04Co0.05O.
The Burstein−Moss effect explained the noticed blue shift in absorption spectra and energy band gaps. The vibrating sample
magnetometer study revealed the change in the diamagnetic behavior of pure ZnO to the ferromagnetic behavior of the prepared
nanoparticles at room temperature for different doping concentrations. In the current study, we have developed the room-
temperature ferromagnetism (RTFM) for Cu and Co co-doped ZnO nanoparticles. Since RTFM is the key objective for dilute
magnetic semiconductors, therefore it can be served as the desirable expectant for spintronics applications with improved
functionalities and device concepts.

■ INTRODUCTION
In recent years, spin-based electronics has become a topic of
interest for technological applications due to the increasing
degree of freedom in these specialized tools. It is an emerging
domain that is providing a combination of spin and charge of
electrons, which was previously unavailable.1 The science of
spintronic devices is based on enhanced electronic, magnetic,
and optical properties of semiconductors in order to reduce
their power consumption and to increase their memory and
processing capabilities in comparison to traditional electronics.
These properties can be tuned by doping suitable magnetic
materials into host semiconductors. The developed magnetic
semiconductors can be used as electronic devices, which
possess both spin and charge characteristics.2 Due to this
special character, these materials can be used in logic function
gates and storage devices. Diluted magnetic semiconductors
(DMSs) represent an association between charge-based
semiconductors and spin-based magnetism.3,4 Many theoreti-
cal and experimental investigations have supported the fact

that when a wide-band gap semiconductor (ZnO) is doped
with transition metals (TMs) like Cu, Fe, Co, Ni, Mn, Cr, and
V, dilute magnetic semiconductors are formed.5 DMSs could
combine storage, detection, logic, and communication
capabilities to fabricate a multifaceted device that can
substitute various components designed for these purposes.
Also, the optical properties of DMSs for transforming magnetic
data into an optical signal has been a specific point of interest.6

ZnO is a transparent metal oxide with several peculiar
properties like a large exciton binding energy of 60 meV and a
direct band gap of ∼3.4 eV. There are numerous uses of ZnO
in transparent conducting oxide (TCO), solar panels, ultra-
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violet lasers, light modulators, transducers, piezoelectric
devices, light emitting diodes (LEDs), and others.7 As ZnO
is biocompatible and biodegradable, so it is also suitable for
medical purposes. The metal oxide semiconductors doped with
TM can fulfill the properties of required dilute magnetic
semiconductors having a combination of ferromagnetic long-
range order and semiconducting behavior in a single phase.
Doping is a pivotal factor for the enhancement of structural,
morphological, magnetic, electrical, and optical features of
ZnO.8,9 This can be achieved by adding impurities either noble
metals (e.g., Pd, Ag, Pt, etc.) or TMs (e.g., Al, Cr, Mn, Fe, Ni,
Cu, Co, etc.). Room-temperature ferromagnetism (RTFM) is a
demanding phenomenon now a days, which can be pulled off
by the addition of impurities in TM (TMs are d-block
elements occupying the center of the periodic table between
group 2A and 3A, having partially filled d-orbitals and variable
oxidation states). Among all the TMs, we have doped Co and
Cu in pure ZnO because of the property of appreciable
variation in band gaps by minor change in doping percentage,
which influences the optical and magnetic properties of NPs.
An enhanced ferromagnetic order has also been observed for
this combination in the literature. Jayakumar et al. showed that
the co-doping of Cu with Co increases the carrier
concentration considerably, and the ferromagnetism was
enhanced by additional carriers.10 Enhanced ferromagnetic
order was observed for Cu and Co co-doped ZnO powders,
and it was related to the high density of oxygen vacancy
defects.11 The origin of ferromagnetism in (Co, Cu): ZnO has
been attributed to a defect-related mechanism,12 whereas
theoretical calculation results showed that the antiferromag-
netic state is higher in energy than the ferromagnetic state in
the ZnO/Cu system.10,13 However, according to first-
principles calculations, the suitable amount of Cu doping
suggests a ferromagnetic ground state.14,15

Pure ZnO nanorods are diamagnetic in nature, which is also
confirmed in our experiment. Although some research work is
already available in the literature on the Cu and Co co-doped
ZnO system, but nearly, all the work on thin films and
extensive examination of structural, optical, and magnetic
features is insufficient.16 Also, the abovementioned discrep-
ancies regarding the origin of RTFM in Cu/Co co-doped ZnO
nanoparticles are still to be addressed.
Numerous synthesis methods have been dedicated to the

modeling of TM-doped ZnO nanoparticles, such as the sol−gel
method, co-precipitation method, an auto-combustion meth-
od, hydrothermal process, solid−state reaction method, low-
temperature solution process, rapid synthesis, and many
others.17−19 Among all of them, we have employed the co-
precipitation method because it attracts more attention due to
its unique advantages including low cost, simple laboratory
equipment, easy adjustment of dopant concentration, and
large-scale synthesis of nanoparticles. Also, in this technique,
different parameters like reaction time, reaction temperature,
and pH−concentration of the material have remarkable
influence on the NP’s shape and size characteristics.
Hence, in this research, our objective is to study the

repercussions of Co co-doping along with Cu in ZnO on
structural and magnetic properties without disturbing the
host’s crystalline structure and development of RTFM for
practical applications.

■ RESULTS AND DISCUSSION
X-ray Diffraction. Figure 1a displays the XRD spectra of

ZnO , Zn 0 . 9 6Cu 0 . 0 4O , Zn 0 . 9 4Cu 0 . 0 4Co 0 . 0 2O , and

Zn0.91Cu0.04Co0.05O nanoparticles. The hexagonal wurtzite
structure is confirmed from the typical diffraction peaks for
(1 0 0), (0 0 2), and (1 0 1) planes located at 32.5, 35.5, and
37.3° of 2θ, respectively, with a high degree of crystallization
and approximately similar to the standard data of pure ZnO (a
= 3.2488 Å, c = 5.2061 Å, space group P63mc) and very well-
matched with JCPDS # 36-1451.20 The XRD spectrum shows
three broad peaks indexed as (1 0 0), (0 0 2), and (1 0 1) for
each sample, showing that the nature of the prepared
nanoparticles is polycrystalline. In all the samples, nine major
peaks are observed, which are indexed as (1 0 0), (0 0 2), (1 0
1), (1 0 2), (1 1 0), (1 0 3), (2 0 0), (1 1 2), and (2 0 1) with
maximum diffraction intensity at (1 0 1) lying between 35.8
and 37.6°. A left shift in the highest peak of the (101) plane is
observed for all samples (Figure 1b) with the increase in the
concentration of co-dopant concentration of Co and Cu in
pure ZnO. This shift could have occurred due to structural
changes occurring in the crystal structure of ZnO due to
doping.21 The calculated crystallographic parameters are given
in Table 1.
In this study, the XRD peaks are shifted to the lower angle

with increasing co-dopant concentration of Co and Cu in pure
ZnO. The reason for this is the variation of the ionic radii of
Zn2+ (0.60 Å), Co2+ (0.58 Å), and Cu2+ (0.73 Å). We have
determined the average crystal size by using Debye Scherer’s
equation22

D
0.9

average crystal size ( )
cos

=
(1)

where, λ is the wavelength of the incident radiation, that is,
1.45 Å, β is the full width at half maximum (FWHM) of the
(101) peak, and θ is Bragg’s angle.
ZnO bond length is calculated by using the following

equation
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Figure 1. (a) XRD patterns of ZnO, Zn0 . 96Cu0 . 04O,
Zn0.94Cu0.04Co0.02O, and Zn0.91Cu0.04Co0.05O nanoparticles and (b)
zoomed view of (1 0 1) peak shifting toward the lower angle.
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where “a” and “c” are lattice constants and “u” is the constant
for the wurtzite structure that can be calculated using the
following relation

u a
3c

0.25
2

2

i
k
jjjj

y
{
zzzz= +

(3)

Also, the unit cell volume is computed by using the
following equation

V 0.866a c2= (4)

Average crystallite size initially decreases by doping Cu in
pure ZnO (from 38.43 to 32.16 nm), which is due to the
disfigurement of the ZnO lattice with doped impurity, which
results in decreasing the nucleation of ZnO nanoparticles.23

Then, there is an increase in the crystal size when Co is doped
in the Zn−Cu−O crystal because the ionic radius of Co2+
(0.58 Å) is comparable to the ionic radii of Zn2+ (0.60 Å) and
Cu2+ (0.73 Å).24 Initially, the increase in intensity of the peak
showed that the intrinsically agglomerating Co2+ ions lead to
the growth of the ZnO particles and alter the crystallization of
the ZnO. The lattice distortion around Co atoms in Zn−Cu−
O is responsible for a very low-intensity peak below 2%
concentration of Co and reduction in crystal size. The
enhancement in the peak intensity and the decrease in
FWHM beyond Co 2% are directly pointing to the
enhancement of the crystallinity of the nanoparticles. Further
doping of Co comforted the tensile stress, and the lattices were
comparatively relaxed, giving rise to the quality of crystal-
lization, and the crystal size also decreased.17 With the doping
of cobalt 5%, the peak position enhanced but the peak intensity
reduced as compared to those of cobalt 2%; it is because of the
microstrain and increased crystal size.25 Upon incorporation of
Co, the peak slightly shifted toward the lower angle, indicating
the minute variability in the ionic radii of Co and Zn and that
the Co2+ substitutes the Zn2+ ions without altering the wurtzite
structure.26

In Figure 2, the alteration of FWHM and average crystal size
for all the samples is shown. The FWHM value shows the
inverse trend as it increased from 0.3577 to 0.4535°, and the
average particle size was reduced from 38.43 to 32.16 nm with
the addition of Cu in the ZnO crystal lattice. It is the
indication of the presence of nano-sized particles in the
samples. The reduction in the particle size is mainly due to the
distortion of the host ZnO lattice with the foreign impurity,
that is, Cu2+ which decreases the nucleation and subsequent
growth rate with the addition of Cu concentrations.24 The
observed larger particle size (45.42 nm) and the smaller
FWHM value (0.3211°) for Co = 2% are attributed to the
combined effect of Co2+ incorporation at the Zn2+ site along
with the formation of the CuO phase. The FWHM increases
again on increasing the cobalt concentration to 5%, showing
deformity in the lattice and limiting the additional solubility of
Co in Zn−Cu−O.25

Sharp peaks in the spectrum are the indication of a high
degree of crystallization in all the samples. The missing
secondary phase linked to magnetic precipitate revealed the
intrinsic ferromagnetic behavior.16 For Co above 2%, the
possession of the secondary phase in the X-ray diffraction
pattern depicts the solubility limit of Co in the Cu-doped ZnO
lattice. No variation in the hexagonal wurtzite structure with
Co doping has been noticed as the c/a ratio is persistent for all
the samples.26,27 Table 1 shows different parameters obtained
from XRD data.
The deviation in the calculated lattice strain and crystallite

sizes of all the prepared pure ZnO and Cu/Co co-doped ZnO
nanoparticle samples with compositions is given in Table 2.
The estimated average crystallite sizes were found to be in the
32.16−45.42 nm range.

Mathematically, the dislocation density (δ) and microstrain
(ε) of the highest peak in all samples was calculated by using
these equations28

1
D2=

(5)

4 tan
=

(6)

Table 1. Lattice Parameters a = b (Å), c (Å), c/a Ratio, 2θ, FWHM Values, d-Spacing, Crystallite Size, Bond Length, and
Volume of ZnO, Zn0.96Cu0.04O, Zn0.94Cu0.04Co0.02O, and Zn0.91Cu0.04Co0.05O Nanoparticles from the XRD Profile

sample 2θ (degrees) a = b (Å) c (Å) c/a FWHM (°) d-spacing (Å) bond length (Å) volume (Å)3

ZnO 37.07 3.2472 5.2133 1.6052 0.3577 2.493 2.160 47.60
Zn0.96Cu0.04O 36.36 3.249 5.20661 1.6021 0.4535 2.4629 1.977 47.59
Zn0.94Cu0.04Co0.02O 36.27 3.2498 5.20661 1.6022 0.3211 2.4629 1.978 47.596
Zn0.91Cu0.04Co0.05O 36.45 3.2498 5.20661 1.6022 0.48242 2.4629 1.976 47.595

Figure 2. FWHM and average crystallite size of ZnO, Zn0.96Cu0.04O,
Zn0.94Cu0.04Co0.02O, and Zn0.91Cu0.04Co0.05O nanoparticles.

Table 2. Calculated Average Crystallite Size (D),
Microstrain (ε), Dislocation Density(δ), and Lattice Strain
(η) of ZnO, Zn0.96Cu0.04O, Zn0.94Cu0.04Co0.02O, and
Zn0.91Cu0.04Co0.05O

composition D (nm) ε (×10−3) δ (×10−3 nm−2) η (×10−3)

ZnO 38.43 1.307 6.7711 0.8221
Zn0.96Cu0.04O 32.16 3.375 9.6687 2.0524
Zn0.94Cu0.04Co0.02O 45.42 1.455 4.8474 1.0488
Zn0.91Cu0.04Co0.05O 35.41 2.113 7.9753 1.2986
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The lattice strain (η) was calculated through the given
equation29

cos
4

=
(7)

It was found from the calculated values 1
D2= that the

dislocation density increases with the increase in dopant
concentration. The smallest dislocation density 0.0048474
nm−2 was exhibited by Zn0.94Cu0.04Co0.02O, while the highest
dislocation density 0.0096687 nm−2 was exhibited by
Zn0.96Cu0.04O. The increase in the “δ” value is caused by the
atoms of dopants settled inside the host ZnO matrix.
Furthermore, the increase in the dopant concentration causes

movement of atoms from grain boundaries to crystallites.30

Therefore, the increase in “δ” with increasing dopant
concentration may also be due to the movement of Cu and
Co atoms from grain boundaries to crystallites.
The particle size and lattice strain of pure ZnO and Cu/Co

co-doped ZnO nanoparticle samples were determined using
the Williamson−Hall technique from the broadening of the
XRD peaks.31

k
D

cos 4 sin= +
(8)

where β is the FWHM in radian by fitting the prominent peaks,
θ is the diffraction angle in radian, k is the shape factor value

Figure 3. Williamson−Hall (W−H) plots of (a) ZnO, (b) Zn0.96Cu0.04O, (c) Zn0.94Cu0.04Co0.02O, and (d) Zn0.91Cu0.04Co0.05O.

Figure 4. SEM micrographs of (a) ZnO, (b) Zn0.96Cu0.04O, (c) Zn0.94Cu0.04Co0.02O, and (d) Zn0.91Cu0.04Co0.05O nanoparticles.
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0.94, ‘‘λ’’ is the XRD wavelength (λ = 0.15418 nm), and ‘‘D’’ is
the effective crystalline size. Figure 3a−d shows the pure ZnO
and Cu/Co co-doped ZnO nanoparticle samples; the slope of
linear data plotted fits against 4sin θ versus β cos θ and
contributes the information about the inverse of the intercept,
and lattice strain yields the value of crystalline size (DW−H).

32

The W−H is used for deconvoluting shapes (crystalline
shapes) and strain that contributes to X-ray line broadening
because Scherrer’s formula does not take into account the
strain contribution. The points are noted to be narrow-spaced
around the fitted line. It has been observed that certain
additional parameters of the analyzed sample were not taken
into the consideration, or alternative techniques should be
used.
Surface Morphology. Scanning electron microscopy

images of ZnO, Zn0.96Cu0.04O, Zn0.94Cu0.04Co0.02O, and
Zn0.91Cu0.04Co0.05O nanoparticles are shown in Figure 4. The
surface morphology of sample ZnO in Figure 4a is a blend of
spherical-like and hexagonal-like structures. However, with Cu
substitution, spherical-shaped grains can be seen in Figure 4b,
which are homogeneous. Figure 4c exhibits small petal-like
structures distributed throughout the surface. Figure 4d reveals
the spherical distribution being randomly dispersed all over the
surface, whereas it forms a densely packed network. The grain
size of the undoped sample is about 32 nm, and the grain size
of the doped samples is around ∼20 nm, and these results
correlate with our XRD results. The grain size reduced with the

increase in cobalt doping concentration.33 Vijayaprasath et al.
also reported the decrease in average grain size with increasing
doping concentration in Co-doped Ni/ZnO nanoparticles.34

Here, it was noticed that the dopant decreased the degree of
crystallization through its substitution. The samples with
higher doping possess poor crystallinity; it is may be due to the
lower ionic radii of Co as compared to that of Zn.35

Fourier Transform Infrared Study. FTIR is an approach
to attain particulars about the chemical bonding of material
and to investigate the elemental constituents. The band
locations and number of absorption peaks primarily depend
upon chemical configurations and morphological configura-
tions.36 Figure 5 shows the FTIR spectra from 200 to 1800
cm−1 of ZnO, Zn0.96Cu0.04O, Zn0.94Cu0.04Co0.02O, and
Zn0.91Cu0.04Co0.05O nanoparticles. Table 3 shows different
modes and assignments of infrared peaks obtained for all the
samples. The absorption peaks above 1000 cm−1 are ascribed
to usual polymeric O−H stretching vibration of H2O in the
Cu−Co−Zn−O lattice, and the chemical bonding corresponds
to the tetrahedral mode, which is designated to a little amount
of water in ZnO nanocrystals and moisture present in the
atmosphere.37

By adding Co into the Zn−Cu−O lattice, the modification
in microstructural features produces vibrational frequencies,
creating medium to weak bands around 600−900 cm−1. Also,
the bond structure changes to the octahedral mode in this
region.38 At the frequency around 600−900 cm−1, the variation

Figure 5. FTIR spectra from 1800 to 200 cm−1 of ZnO, Zn0.96Cu0.04O, Zn0.94Cu0.04Co0.02O, and Zn0.91Cu0.04Co0.05O nanoparticles. The inset shows
the zoomed view of transmission peaks in the range (955−840) cm−1.

Table 3. IR Transmission Peaks and Their Assignments of ZnO, Zn0.96Cu0.04O, Zn0.94Cu0.04Co0.02O, and Zn0.91Cu0.04Co0.05O
Nanoparticles

wavenumber (cm−1)

assignments ZnO Zn0.96Cu0.04O Zn0.94Cu0.04Co0.02O Zn0.91Cu0.04Co0.05O

Zn−O bond (tetrahedral) 369 371 363 352
Zn−O bond (octahedral) 517 550 Absent 609
Co−O stretching mode and ethanol precursors 640 734 643,745 654
microstructural changes 883 874 878 881
H−O−H bending vibration 1739 1714 1640 1643
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in FWHM and intensity reveals a deviation in defect state
density in the Zn−Cu−Co−O lattice. With increasing Co
concentration, the transmittance % increased and was highest
for Co = 5%. The strong vibrations are due to stretching
frequency of Co−O and microstructural changes from 800 to
900 cm−1. Co atoms are a bit lighter than Zn atoms; that is
why more substitution leads to an upward shift in stretching
frequency. The deviation in the transmittance % of Co−O and
Zn−O bands and the characteristic frequency speculates that
the addition of Co perturbs the structure of the Zn−O−Cu
lattice.39 Therefore, it is evident from the FTIR results that Co
successfully occupies the Zn position in ZnO matrix as seen in
XRD results and the Zn−Cu−O bond is perturbed due to the
involvement of Co in its environment.
Optical Study. The reflectance spectra of ZnO,

Zn0.96Cu0.04O, Zn0.94Cu0.04Co0.02O, and Zn0.91Cu0.04Co0.05O
nanoparticles obtained by UV−vis diffuse reflectance spec-
troscopy (DRS) in the range of 300−700 nm wavelength are
shown in Figure 7. Notice that all the graphs in Figure 7 have
an absorption edge close to 360 nm, which is similar for the
band gap of ZnO.40 Maximum reflectance (∼80%) was
observed for ZnO nanoparticles, and it considerably reduced
on doping Cu and then slightly increased with increasing Co
concentration. At room temperature, optical absorption spectra
have also been taken in the wavelength range 200−1000 nm as
exhibited in Figure 6. The absorbance strongly depends on
numerous aspects, like band gaps, impurities, oxygen
deficiency, and roughness of the surface.
Strong UV absorption peaks at wavelengths 356, 353, 348,

and 319 nm are remarked for ZnO and Zn0.96−xCu0.04CoxO
with Co 0%, 2%, and 5%, respectively, and can be generated
from the recombination of localized-level excited electrons
below the conduction band with the holes in the valence band.
Increased Co doping lowers the potency of UV absorption,
and the highest intensity is noticed at Co = 2%-doped
Zn0.96Cu0.04O nanoparticles. The increase in distortion
cautiously decreased the absorption, which also affected the
carrier density. Table 4 shows the values of energy band gaps
corresponding to the wavelength of prominent absorption
peaks obtained for all the samples. Expansion in energy band

gaps from 3.49 to 3.88 eV has been observed with the doping
of Cu in ZnO and increasing Co concentration in Zn−Cu−O
nanoparticles. Also, with the substitution of Co2+ ions, a minor
shift in UV peaks is noticed toward the lower wavelength,
which can be allocated to the blue shift of energy gaps with Co
doping. The Burstein−Moss effect can explain the blue shift in
the UV absorption peak, which states that, by increasing carrier
concentration in degenerately doped semiconductors, the

Figure 6. UV−visible absorption spectra of ZnO, Zn0.96Cu0.04O, Zn0.94Cu0.04Co0.02O, and Zn0.91Cu0.04Co0.05O nanoparticles as a function of
wavelength from 200 to 1000 nm.

Figure 7. Reflectance spectra of ZnO, Zn0 .96Cu0 .04O,
Zn0.94Cu0.04Co0.02O, and Zn0.91Cu0.04Co0.05O nanoparticles as a
function of wavelength from 300 to 700 nm.

Table 4. Values of Energy Band Gaps Corresponding to the
Wavelength of the Absorption Peak for all the Samples

absorption peak energy band gap

samples λ (nm) Eg (eV)

ZnO 356 3.49
Zn0.96Cu0.04O 353 3.51
Zn0.94Cu0.04Co0.02O 348 3.56
Zn0.91Cu0.04Co0.05O 319 3.88
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Fermi level merges into the conduction band, and as a result,
the apparent band gap increases and the absorption edge is
propelled toward higher energies.41

It also has been acknowledged that, on the nanometer scale,
the physical properties of the semiconductor materials undergo
changes, known as the “quantum confinement effect” of
nanoparticles, and this confinement increases the band gap
energy.42 As the absorption edge is pushed to higher energies,
the apparent band gap rises as an outcome of some states close
to the conduction band being occupied.43 The Fermi level
combines to the conduction band with greater carrier
concentration, increasing the band gap with further doping.
Since the degree of band gap change is dependent on the
crystallite size, so the “quantum confinement effect” has more
contribution to the widened band gap of ZnO. The results are
in accordance with the results available in the literature.44

Vibrating Sample Magnetometer (Magnetic Proper-
ties). Magnetic properties were examined using a vibrating
sample magnetometer (VSM) at room temperature. Magnetic
properties of dilute magnetic substances depend mainly upon
the synthesis technique, doping element, and annealing
temperature. Figure 8 displays the correspondence between

magnetic flux density B and magnetizing force F commonly
called M-H loops. Magnetic investigations proved that all ZnO
and CuO composites have room-temperature ferromagnetism
and undoped ZnO is diamagnetic at room temperature, as
depicted in Figure 8. Potzger et al. revealed that all of the
undoped ZnO samples are absolutely diamagnetic in nature
over magnetization reversal, even at low temperature (5 K).45

The transformation of diamagnetism of the pure ZnO sample
into ferromagnetic nature of the Cu and Co co-doped ZnO
sample pinpoints the desired favorable substitution of Co
atoms in the ZnCuO lattice (Figure 9).
No clustering and surface agglomerations or any other

secondary phases are observed around Zn−Cu−O particles,
indicating the intrinsic ferromagnetic behavior of the Cu,
giving rise to RTFM. The bond length and volume are
decreased by the doping of Co into the Zn−Cu−O lattice (as
shown in Table 1), resulting in a decrease in the comparative
distance between Cu ions and strengthening the antiferro-
magnetic order. This intensified antiferromagnetic interaction
between neighboring Cu−Cu ions is the main cause of the

suppression of RTFM at high doping concentration.46 The
observed RTFM is the result of homogeneous doping of Co in
Zn−Cu−O particles, which is in accordance with the
Ruderman−Kittel−Kasuya−Yosida (RKKY) mechanism refer-
ring to a coupling mechanism of nuclear magnetic moments or
localized inner d- or f-shell electron spins in a metal by the
interaction through conducting electrons.
A clear ferromagnetism is achieved at room temperature for

doped samples. All the doped samples formed an S loop, which
is the evidence of RTFM but the doping of Co decreases the
saturation magnetization and retentivity of the samples as
shown in Table 5.47 However, Wei et al. reported the opposite

trend for different Cu concentrations in Co and Cu co-doped
ZnO powders. They observed an increase in the values of
saturation magnetization and retentivity with increasing Cu
concentration.48 Figure 10 shows the influence of Co doping
concentration on the magnetization of the nanoparticles. Also,
the hysteresis loop became narrow with increasing doping
percentage. The narrow hysteresis is an indication of small
amount of energy dissipation in reversing the magnetization,
which is the key for rapid magnetization and demagnetization
of the synthesized samples. There can be various reasons for
RTFM in Cu and Co co-doped ZnO nanoparticles. Cao et al.
illustrated that p-type carriers introduced by Cu doping are
considered to be a main factor inducing RTFM.49 Spaldin
suggested that robust ferromagnetism will only be obtained in
TM-doped ZnO if p-type carriers are also included. The hole-
induced ferromagnetism in ZnCoO has already been observed
with Li doping.50,51 The point defects such as Zn interstitials
and oxygen vacancies can also be the possible reasons for
RTFM.52 However, in our case, there are no clustering and
other phases observed in the XRD spectrum and no evidence

Figure 8. Vibrating sample magnetometer results of pure ZnO.

Figure 9. VSM results of ZnO, Zn0.96Cu0.04O, Zn0.94Cu0.04Co0.02O,
and Zn0.91Cu0.04Co0.05O nanoparticles. The inset shows the zoomed
view of M-H loops of the samples.

Table 5. Values of Saturation Magnetization and Retentivity
of the Doped Samples

sample Ms (emu/g) Mr (emu/g)

Zn0.96Cu0.04O 4.632 0.255
Zn0.94Cu0.04Co0.02O 2.014 0.108
Zn0.91Cu0.04Co0.05O 1.108 0.057
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of oxygen vacancies is detected; hence, the ferromagnetic
ordering in our samples is not the consequence of secondary
phases or clustering. Therefore, this study also revealed the fact
that the room-temperature ferromagnetic conduct noticed in
the Cu and Co co-doped ZnO nanoparticles is an intrinsic
property. Similar results have been observed for Cu/V co-
doped ZnO nanoparticles by Liu et al.53

■ CONCLUSIONS
The co-precipitation method was employed to synthesize pure
ZnO and Cu/Co co-doped ZnO nanopar t i c l e s
Zn0.96−xCu0.04CoxO, x = 0, 0.02, and 0.05. All the samples
manifested the hexagonal wurtzite structure with divergent
microstructures. Crystallite size initially decreases from 38.43
to 32.16 nm and then increases to 45.42 nm and again
decreases to 35.41 nm, which confirms the deformity in the
lattice and limits the additional solubility of Co in Zn−Cu−O.
Values of dislocation density and microstrain are higher for
doped samples as compared to those of the undoped samples,
indicating that the Cu and Co atoms are successfully
incorporated into ZnO grains. SEM micrographs show the
spherical-like and hexagon-like homogeneous structures. The
SEM data are in accordance with the XRD data in terms of
average grain size. The samples with higher doping possess
poor crystallinity, which may be due to the low ionic radii of
Co as compared to those of Zn. This fact also limits further
doping. In FTIR spectroscopy, the deviation in the percentage
of transmittance of Co−O and Zn−O bands and the
characteristic frequency revealed that the addition of Co
perturbs the structure of the Zn−O−Cu lattice. Strong UV−
visible absorption peaks at wavelengths 356, 353, 348, and 319
nm are observed for pure ZnO and Zn0.96−xCu0.04CoxO with
Co 0%, 2%, and 5%, respectively, and can be generated by the
rejoining of excited electrons from localized levels below the
conduction band with the holes in the valence band. The band
gap is increased from 3.49 to 3.88 eV with increasing doping
concentration; this can be interpreted by the Burstein−Moss
effect. UV−vis DRS results shows the maximum reflectance for
ZnO nanoparticles. In the VSM study, pure ZnO exhibited a
diamagnetic behavior, while all the doped samples showed

RTFM. However, the doping of Co decreases the saturation
magnetization and retentivity of the sample. This study
revealed the fact the ferromagnetic conduct noticed in the
Cu and Co co-doped ZnO nanoparticles is an intrinsic
property. This research is useful for synthesizing numerous
TM-doped ZnO nanoparticles with enhanced optical and
magnetic properties for various practical applications of
spintronics. Also, further research studies can be carried out
to probe both, hole- and electron-mediated ferromagnetism in
TM-substituted ZnO, which can be considered to have
potential for bipolar spintronics.

■ EXPERIMENTAL TECHNIQUE AND
CHARACTERIZATION

Synthesis Technique. Samples with nominal composition
ZnO and Zn0.96−xCu0.04CoxOwere synthesized using the co-
precipitation method, and Co concentration was ranged from 0
to 5%. First, a homogenous mixture was prepared by adding
the stoichiometric amounts of Zn(NO3)2·6H2O (Sigma-
Aldrich), Cu(NO3)·3H2O (Sigma-Aldrich), and Co(NO)3·
6H2O (Sigma-Aldrich) in distilled water. All the chemicals
were of analytical grade and used as received without extra
purification. The solution was constantly stirred for 1 h, and
then, required amount of NaOH solution was added to
maintain its pH at 9−11. The solution was then mixed under
constant stirring for 2 h until white precipitates were formed.
The solution was filtered on filter paper and then washed

thoroughly three to five times with deionized water and with
ethanol. The resulting solution was again filtered followed by
drying at 80 °C for 2 h in an oven. The obtained sample was
grounded into a fine powder and annealed at 500 °C for 2 h in
a box furnace under air. Four samples ZnO, Zn0.96Cu0.04O,
Zn0.94Cu0.04Co0.02O, and Zn0.91Cu0.04Co0.05O were prepared by
following the above procedure.
Characterization Techniques. The structural properties

of crystals and phase determination of Co- and Cu-doped ZnO
nanoparticles were scanned by using (X’Pert Philips) An X-ray
diffractometer by applying Cu Kα radiations (λ = 1.54 Å) at 40
kV and 30 mA from 2θ = 20−80°. The surface morphology of
the nanoparticles was attained by using FE-SEM, Quanta FEG

Figure 10. Influence of Co doping on the magnetization of Cu/Co co-doped ZnO nanoparticles.
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450. FTIR spectroscopy employing Shimadzu IR−Tracer 100
was evaluated in the region 1800−200 cm−1 to interpret the
infrared spectrum of absorption and reflection. UV−vis
spectroscopy was employed to study the optical behavior by
using a UV−visible spectrometer (model: lambda 35, Make:
PerkinElmer) at room temperature. The evaluation of
magnetic properties and vibrational modes (M−H curves)
was achieved using a superconducting quantum interference
device (SQUID, model MPMS-3 from Quantum Design Inc.)
in the State Key Laboratory for Mechanical Behavior of
Materials, Xi’an Jiaotong University, China, at room temper-
ature under an applied field of 10 kOe.
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