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A B S T R A C T

Cu-doped ZnO nanocrystals (with 0, 0.5, 1.0, 1.5, and 2.0 at.% Cu) have been successfully synthesized by a sol-
gel method. The influence of Cu content on the properties of ZnO nanoparticles have been studied by various
characterization techniques. XRD analysis reveals the formation of hexagonal wurtzite structure in all samples,
confirming the incorporation of Cu ions into the ZnO lattice. The crystallite size and unit cell volume are
modified with the Cu content. Morphology characterization by SEM and HRTEM revealed that Cu-doped samples
consist of mixture of nanoparticles and nanowires. The energy band gap of the samples was red shift due to Cu
incorporation in the ZnO lattice. The PL emission intensity of the Cu-doped samples decreases with increasing Cu
content. Vibrational spectroscopy confirms metal oxide bond formation and reveals stress present in the samples.
Under visible light illumination, the photocatalytic performance of all samples was studied by using methylene
blue as a model molecule.

1. Introduction

In the last decades, nanostructured metal oxide semiconductors
have been extensively studied due its unique and interesting char-
acteristics observed only at nanoscale dimensions. Zinc oxide (ZnO) is
an attractive semiconductor with a wide energy band gap (Eg ~
3.37 eV) in the near ultraviolet and high-exciton binding energy (60
meV) which allows the excitonic transitions to occur even at room
temperature (RT) [1–3]. In terms of new technological applications,
several oxide materials, such as undoped and doped ZnO are being
studied to establish correlation among structure, morphology and
properties [4]. Therefore, ZnO has versatile applications in optoelec-
tronics [5], sensing [6,7] and solar cells [8] to name some. Recently,
doped ZnO nanostructures and other narrow energy band gap semi-
conductor nanomaterials have attracted significant attention for pho-
tocatalytic applications [9–16], where the effect of doping could greatly
enhance the photocatalytic performance and absorb visible light to

degrade various organic dyes in wastewater [1,2,14–17]. However,
several methods such as sol-gel, hydrothermal, co-precipitation, me-
chanochemical process, microwave, and sonochemical, to name a few,
are used to synthesize ZnO nanostructures [4,17–23]. Among them, the
sol-gel method is commonly used ones due to their control over com-
position, structure, size and reproducibility. The properties of ZnO
could be improved by adding doping elements such as Ag [24,25], Cu
[15–17, 26–28], Al [29,30], In [31], Cr [32], and Mg [33]. In parti-
cular, the influence of Cu-doping on the optical properties of ZnO for
enhancing the luminescence efficiency by creating localized impurity
levels in the optical energy band gap has been reported previously
[15,28,34]. Additionally, other studies affirm that the optical energy
band gap is red shift when the average crystallite size is decreased due
to the incorporation of Cu ions into the ZnO structure [28, 34–36].

Instead, it has been reported that the photocatalytic degradation
activity of ZnO is improved by Cu addition up to 0.5% but decreased
when increase the Cu addition to 1.0% [37]. Therefore, in this work the
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effect of low Cu2+ ion content (0.5, 1.0, 1.5 and 2.0%) inside the ZnO
lattice has been studied. Different powerful techniques to evaluate the
changes in the structural, optical, and photocatalytic properties of the
samples were carried out. The samples were evaluated to study the
photodegradation of Methylene blue (MB) organic dye under visible
light illumination.

2. Experimental

2.1. Materials

The chemical materials used for synthesis of undoped and Cu-doped
ZnO samples were of analytical grade without any further purification.
High purity zinc nitrate (Zn(NO3)2•6H20), copper nitrate (Cu
(NO3)2•3H20), and polyvinyl alcohol (PVA, Mw: 89,000 – 98,000 g
mol–1) were obtained from Sigma Aldrich, and absolute ethanol (purity
of 99.5%) was obtained from Merck, Germany. The solvent used in the
experiments was a mixture of deionized water and ethanol (ETOH,
50:50 vol).

2.2. Sample preparation

A sol-gel process reported in Ref [24] was used to prepare undoped
and Cu-doped ZnO nanoparticles. Typically zinc nitrate, copper nitrate
and PVA (8 g) were dissolved in a mixture of deionized water and
ethanol (50:50) under magnetic stirring at 80 °C to prepare the corre-
sponding gel solution. Finally, the samples were calcined at 600 °C for
8 h in air to achieve a homogeneous powder sample. In Table 1 are
reported the molar ratios and molar composition for all samples and
which have been obtained using XRF measurements.

2.3. Characterization techniques

The crystal structure of the prepared samples was characterized
using a Bruker D8 X-ray diffractometer with CuKα1,2 (0.15428 nm)
radiation at room temperature (RT) and operated at 40 kV and 30 mA.
The morphological studies of the samples were investigated by using a
scanning electron microscope (SEM, FEI Quanta 250) and transmission
electron microscope (HRTEM, Tecnai F20 FEG-S/TEM) operate at
200 kV. X-ray Fluorescence were made through energy dispersive X-ray
spectrometer Shimadzu (Rh X-ray, EDX-720) to determine the Zn and
Cu percentage in the samples. Ultra-violet-visible (UV–vis) measure-
ments of the prepared samples were recorded using a UV-2550 UV/Vis
spectrometer Shimadzu in the range 300 – 800 nm. Surface area of the
samples was determined by N2 adsorption-desorption isotherms in an
ASAP 2010 (Micromeritics, USA) system. Room temperature photo-
luminescence (RT-PL) measurements of the synthesized samples were
performed in a Perkin Elmer spectrofluorometer LS-55, equipped with a
Xenon lamp. A Rayleigh WQF-510A FTIR spectrophotometer was used
to measure the IR spectra at room temperature and identify the func-
tional groups in the samples. FTIR spectra were obtained using a solid
solution with KBr. Raman spectra were recorded at room temperature
in a Thermo scientific DXR smart Raman spectrometer with excitation
wavelength of 532 nm (2.33 eV).

2.4. Photocatalytic activity test

Photocatalytic activity on all samples was tested in a homemade
reactor with 30 visible light (380–780 nm) lamps (50 W each) in
200 mL of aqueous methylene blue solution (MB, 5 ppm). In a typical
experiment, 200 mg of photocatalyst was added to the MB aqueous
solution under mixing by an air flow of 2.5 L min–1. Adsorption/deso-
rption equilibrium was achieved under dark conditions for 30 min be-
fore irradiation. A constant distance (23 cm) was maintained between
the lamps (40.000 lux) and the solution, and the exposure time was
varied under continuous agitation. After irradiation, small samples
were centrifuged every 20 min and aliquots were collected to measure
the absorbance at 665 nm (maximum absorption wavelength of MB).
A correlation curve absorbance-MB concentration, based on the Beer-
Lambert law was used to estimate the MB concentration during the
photoactivity measurements.

3. Results and discussion

3.1. Structural and elemental study

Fig. 1 show the structural properties of undoped and Cu-doped ZnO
nanoparticles grown by sol-gel method. The measurements were carried
out through XRF and XRD to determine the elemental composition,
crystalline phase and structure in the samples. By XRF measurements it
was possible to determine the proportion of Cu on ZnO lattice (Table 1).

Table 1
Molar ratios and molar composition of Cu-doped ZnO nanoparticles.

Sample (at
% Cu)

Weight (g)
Zn(NO3)2

Weight (mg) Cu
(NO3)2•3H2O

Moles Zn:Cu XRF
Zn Cu

0.5 4 0.0174 99.46:0.54 99.04(3) 0.54(3)
1.0 4 0.0336 98.97:1.03 98.55 1.05(1)
1.5 4 0.049 98.49:1.51 98.28(9) 1.33(7)
2.0 4 0.0658 97.97:2.03 97.64(2) 1.93(7)

Fig. 1. X-ray diffraction patterns of ZnO and Cu-doped ZnO nanoparticles
prepared by PVA-based sol gel synthesis.
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Also, it was observed that the molar ratio and molar composition are in
equal proportions confirming a good distribution of Cu atoms in the
ZnO lattice. Instead, for ZnO nanoparticles the XRD patterns exhibited
the characteristic peaks of a hexagonal wurtzite structure (JCPDS
79–0208 card [24]) and no other crystalline phases are detected,
showing the purity of the sample. In Cu-doped ZnO, there are not
presence of Cu phases (CuO, Cu2O) or any binary zinc copper phase,
indicating that Cu2+ ions (ionic radius of 0.73 Å) not change the
crystalline structure of the ZnO. For all samples, the intense XRD peak
located at around 2θ = 36.22°, 36.24°, 36.26°, 36.24°, and 36.24°
corresponds to the preferential orientation of growth of the plane (101).
As noted, all the samples have a polycrystalline structure. Also, the XRD
patterns shows that preferred orientation is conserved with the increase
of Cu-doping. However, all diffraction peaks are found to be sharp and
intense which corresponding to a high crystallinity of the samples.
Therefore, it was observed that in all samples there are solubility of Cu
in ZnO. Our results agree with previous reports [28,38] where sug-
gested that the solubility limit of Cu in ZnO is less than 5.0%.

The crystallite size (Dhkl) in all samples was determined from the
line broadening (full-width at half-maximum, FWHM) of the (101)
diffraction peak using the Scherrer´s formula (Eq. (1)) [39,40]:

=D k
coshkl

hkl (1)

where, k (taken to be 0.9 for spherical particles [40]) is a shape factor,
and λ (0.15405 nm) is the wavelength of the X-ray source, and βhkl is
the full width at half maximum (FWHM) of the diffraction peak. The
average crystallite sizes of the samples have been found to be in 24 –
35 nm range, respectively. The position of the main diffraction peaks
and average crystallite size are reported in Table 2. Fig. 2a shows the
variation of both the average crystallite size and their FWHMs with the
Cu content in all samples. With respect to ZnO lattice, it is observed that
the crystallite size increase with Cu content and their FWHM decrease,
indicating that there is an anisotropic growth of the grains induced by
the Cu ions in the (101) preferable orientation. Fig. 2b shows the var-
iation of the unit cell volume with the Cu content for the hexagonal
wurtzite structure of ZnO. The values are summarized in Table 2. In
addition, it is observed that for the Cu-doped samples there are a little
variation of the volume in comparison with ZnO lattice. There is an
increase of the volume for the sample with 0.5% of Cu content but, the
values decrease for the samples with more Cu content (1.0, 1.5, 2.0 at%
Cu), respectively. Lattice constants (a and c) and their ratio, c/a, for
undoped and Cu-doped ZnO are calculated through Rietveld refinement
and summarized in Table 2. Given that the parameters are consistent
with a hexagonal wurtzite crystal structure and their change (structural
deformation) is negligibly small in the samples, we suggest that the
substitution of Cu into ZnO lattice is due to that their ionic radius
(Cu2+, 0.73 Å) is very close to that of Zn2+ (0.74 Å). In addition,
copper doping reduces the lattice parameters and produces stress in the
doped samples. No other phases were detected in the XRD pattern and
the lattice parameters and volume of the unit cells match well with the
JCPDS 79–0208 card [24].

3.2. Morphological and surface studies

Morphological features of undoped and Cu-doped ZnO samples
were investigated by scanning electron microscope (SEM) and trans-
mission electron microscope (TEM), respectively. Fig. 3 shows the ty-
pical SEM micrographs of the synthesized Cu-doped ZnO nanocrys-
tallites. As it can be seen, SEM images reveals that the samples are
composed of particles with spherical morphology in predominant pro-
portion and some 1D nanostructures, i.e., nanowires in less proportion.
Our previous results suggested that spherical particles and 1D nanos-
tructures could be synthesized via PVA-based sol-gel method [14]. In
accordance with Ref [14], a higher or lower content of PVA is the cause
of the morphology in the samples. However, it is the third time that our
research group reports a mixture of structures by this method due to
that there are similarities between the morphologies of the samples
obtained. Moreover, high proportions ZnO/CuO nanocomposites have

Table 2
Position of the main diffraction peaks, average crystallite size and energy band gap values of all prepared samples.

Sample (at% Cu) ZnO(101) peak position 2θ
(o)

Crystallite sizea D ± 1
(nm)

Lattice parameters Volume, V (Å3) Surface Area BET (m2

g − 1)
Absorption band edge
(eV)a (Å) c (Å) c/a

0 36.22 24 3.2524 5.2103 1.6019 47.732 3.5 ± 0.30 3.32
0.5 36.24 35 3.2531 5.2109 1.6018 47.757 3.8 ± 0.20 3.30
1.0 36.26 33 3.2507 5.2049 1.6012 47.632 8.0 ± 0.02 3.28
1.5 36.24 34 3.2486 5.2093 1.6036 47.614 7.8 ± 0.02 3.28
2.0 36.24 30 3.2512 5.2078 1.6018 47.674 7.3 ± 0.07 3.26

a Calculated by the Scherrer formula [39,40].

Fig. 2. (a) The crystalline size and FWHM of the plane (101) as function of Cu
content. (b) The unit cell volume as function of the Cu content.
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been synthesized by our group via PVA-based sol-gel method and their
properties studied [17]. In contrast with the results of the Ref [17], it
was observed semi-spheroidal nanoparticles mixed with bigger rod-
shape particles, confirming also that the morphology of the samples
depends in part of the stability between PVA matrix and metallic ions.

TEM image of the sample with 0.5 at% Cu is shown in Fig. 4a-b. The
white box in Figs. 4b shows the HRTEM images of the sample (Fig 4c-d).
The results agree with XRD section, where the interplanar distance
calculated from the images corresponds to 0.25 nm and match very well
with the (101) crystalline plane of the hexagonal wurtzite structure of
ZnO. Furthermore, there are formation of semi-spheroidal nanoparticles
that could be the cause (act like seed) to grow long 1D nanostructures
during the calcining process, see SEM images. Here, the heating rate
could be an important factor to study.

Additionally, BET specific surface area were measured and com-
pared between all samples. The values are reported in Table 2. The
surface area (SA) of doped samples increases with Cu doping and is
comparatively higher than ZnO sample. However, it is observed that for
the sample at 1.0% of Cu content there are more formation of nano-
particles than 1D nanostructures, therefore, it could be increasing the
SA. Instead, for the others Cu-doped samples there is a higher mix of
nanostructures (particles and wires), then the SA decreased. Thus, the
maximum SA value obtained was 8.0 ± 0.02 m2 g–1 for sample with
1.0 at% Cu, respectively.

3.3. Optical properties

Room temperature UV-visible (UV–vis) absorption and photo-
luminescence (PL) studies were employed to know the optical

properties of the samples. Fig. 5a displays the absorption spectra of the
samples. It can be seen from Fig. 5a that for ZnO, the absorption peak
appears at 374 nm (3.32 eV) and is attribute to the excitonic absorption
determined from the equation Eexc = hc/λmax [11,14,24,28] where, h
and c are the Planck´s constant and speed of light, respectively. While
for Cu-doped samples the excitonic absorption peaks appear at 376 nm
(3.30 eV), 378 nm (3.28 eV), and 380 nm (3.26 eV), for 0.5, 1.0, 1.5,
and 2.0 at% Cu and indicating that the energy band gap (Eg) values
decrease with increasing the Cu2+ ions content. Therefore, the Eg of the
Cu-doped samples is slightly red shift with copper incorporation com-
pared to that of ZnO, respectively. For pure ZnO, the Eg was 3.32 eV
which matches with the value given in previous reports in literature.
For Cu-doped samples, the Eg values found decrease by increasing the
copper content (Table 2). The red shift, ΔEg = (0.04 ± 0.02) eV, in the
energy band gap may be due to substitutional copper incorporated into
the ZnO lattice [41,42].

In Fig. 6, the PL spectra for undoped and Cu-doped ZnO nano-
particles are shown. Here, all samples present a strong blue emission at
425 nm (2.92 eV) and ~ 488 nm (2.54 eV) accompanied by a weak
green emission positioned at 529 nm (2.34 eV), respectively. The green
emission is due to recombination of photo-generated hole and singly
ionized oxygen [42,43]. Instead, the blue emission at 488 nm is due to
the transition from Zn interstitials (Zni) to the valence band and the
emission at 425 nm could be ascribed to singly ionized oxygen vacancy
(Vo) [44,45]. On the other hand, a weak emission centered at 466 nm
(2.65 eV) was observed in all samples, and its relative intensity de-
creases with increasing Cu content. A similar behavior was observed for
emissions at 488, and 529 nm, respectively. Additionally, two weak
violet emissions at around 370 (3.35 eV) and 406 nm (3.06 eV) was

Fig. 3. SEM micrographs of Cu-doped ZnO with different Cu content. (a) 0.5, (b) 1.0, (c) 1.5, and (d) 2.0 at.% Cu.
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observed in the samples. The UV emission at ~ 370 nm could be as-
sociated with the variation of the Eg of ZnO nanoparticles. Thus, the PL
from the synthesized samples is strongly defect-dominated emis-
sion. In general, the energy transfer to certain impurities is quite
slow, therefore, when the crystals contain many defects, the
emission from doping ions will be weak. Instead, for defect-free
crystals intense emission from doping ions can be obtained. In this
case, if there are more oxygen vacancies (Vo) near to the surface of
the samples, a weak emission from copper ions and weak energy
transfer from the host to the copper ions can be expected. Fur-
thermore, these oxygen vacancies (Vo) act as electron traps, pre-
venting e–/h+ recombination, which could improve the photo-
catalytic behavior of ZnO samples.

3.4. Vibrational spectroscopy

FTIR and Raman scattering spectra were investigated to elucidate
the effect of Cu2+ doping on the vibrational properties of ZnO nano-
particles (Figs. 7 and 8). FTIR, characteristic bands of ZnO samples

without doping and Cu-doped (from 1.0 to 2.0%) are listed in Table 3.
Fig. 7a shows the normalized transmittance and three specific
zones (b-d). In Fig 7b and 7d, two vibrational modes are observed
at around 1440 and 887 cm−1, which can be assigned to carbonate
species. Evans and Whateley [46] established the criteria to dis-
tinguish between the simple carbonate ion and the coordinated
carbonate group. While, Du et al., [47] in a study reported the IR
band positions for different carbonates species on various metal
oxides, including hydrotalcite-like compounds. As well, they
considered that the carbonate group may exist in salts or in
complexes as a simple carbonate ion, or as a unidentate, bi-
dentate, bridged, and polydentate surface carbonates [46,47]. In
view of the above reports, the bands at 1440 and 887 cm−1 may be
assign to non-coordinate (ν3 vibrational mode) and to the ν2 vi-
brational mode in the carbonate ion [46-48]. In addition, the
single carbonate ion decreased drastically with the copper in-
corporation. Instead, the bands around 600–400 cm−1 are attributed
to metal–oxygen (M–O) stretching mode due to Zn–O and Cu–O vi-
brations [14,28,49]. In Fig. 7c, it is possible appreciate a decrease of the

Fig. 4. TEM and HRTEM images of the sample with 0.5 at% Cu.
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stretching mode of ZnO samples around 478 cm−1 due to the presence
of the copper in all samples. Additionally, the sample with 1.5 at% Cu
shows a signal at 1535 cm−1, assigned to carboxylates from the PVA
thermal decomposition [14].

Raman scattering has been employed to study the influence of Cu
doping on ZnO structure. Fig. 8 shows the Raman spectra of the pure
and Cu-doped ZnO nanoparticles and their assigned vibrational fre-
quencies are listed in Table 4. As it is well known, in group theory the

wurtzite-type ZnO (space group C6v) has a sets of eight optical phonon
modes at the Γ point of the Brillouin zone, represented as
A1 + E1 + 2E2 modes (Raman active), 2B1 modes (Raman silent) and
A1 + E1 modes (infrared active), respectively. Both of A1 and E1

phonon modes are polar and they split into transverse-optical (TO) and
longitudinal-optical (LO) phonons [1,24,28,50,51]. In according with
the hexagonal wurtzite structure of ZnO, the E2

(high) optical phonon
mode at 438 cm−1 (for the stress-free bulk ZnO) provides information
on the stress in the sample. A decrease or increase in this mode is at-
tributed to tensile or compressive stress in the crystal structure
[3,28,51]. For ZnO nanoparticles, the E2

(high) mode was observed at 437
cm−1, which is shifted by 1.0 cm−1 compared to bulk, and which is
attributed to the tensile stress of the ZnO nanoparticles. While for Cu-
doped ZnO, the samples also present a strong tensile stress due to in-
corporation of Cu2+ into ZnO lattice, see Table 4. However, the in-
tensity E2

(high) phonon mode become broad and weaker, which means
that the crystalline structure of ZnO is weakened (without significant
deformation) with increasing copper doping. As can be seen, the ob-
served FWHM due to dopant incorporation change indicating disorder
into ZnO lattice [51].

For all doped samples, it is observed that the peak associated to
E2

high–E2
Low phonon mode and which appears close to 330 cm–1 was

vanished and red shifted while the A1(TO) phonon mode disappear for a
copper content bigger than 1.0%, respectively. In our case, the observed
linewidth changes induced by Cu2+ are relatively bigger, indicating
disorder introduced by copper ions into ZnO lattice. In addition, we
observe that in ZnO spectrum the peaks at 330 cm–1 (E2

high–E2
Low) and

660 cm–1 (A1) are second order Raman peaks corresponding to acoustic
overtone, see Table 4. While the vibrational modes at 379 cm–1 and 540
cm–1 correspond to the symmetries A1 (TO) and A1 (LO), respectively.

Fig. 5. (a) Room temperature UV–vis absorption spectra of all prepared samples. (b) The energy band gap and surface area as function of the Cu content.

Fig. 6. Normalized photoluminescence spectra of all samples.
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The observed peak at 587 cm−1 (E1(LO)) is associated with the im-
purities and structural defects (oxygen vacancies and Zinc interstitials)
of the synthesized samples [3,28,51]. The broad features between 1079
cm−1 and 1155 cm−1 are assigned to the two-phonon modes char-
acteristic of this II–IV semiconductor. The absence of copper oxides
phases indicates that the Cu2+ ions substitute the Zn2+ sites doping the
hexagonal wurtzite nanostructure of ZnO, which is consistent with the
XRD results and other works [27,28,51,52].

3.5. Photocatalytic activity under visible light

The photocatalytic conversion of the samples with different Cu
content was measured by photodegradation of methylene blue (MB)
molecule under visible light irradiation during different times (0 –
220 min). Degradation by Cu-doped samples was compared with that of
ZnO nanoparticles, see Fig. 9. Polat et al. [15] reports that Cu doping
higher than 1.0 at.% increase the photocatalytic activity of ZnO under
an UV light illumination. While Fu et al. [37] found that photocatalytic
degradation increased for Cu-doped ZnO up to 0.5 at% and decreased
for Cu-doped ZnO to 1.0 at%, respectively. The photocatalytic de-
gradation mechanism of MB was also discussed in those studies. In-
stead, its observed that under visible light illumination, the photo-
degradation of MB remains around 90% for ZnO nanoparticles after

220 min in comparison with Cu-doped ZnO nanoparticles. This indicate
that under visible irradiation the photocatalytic conversion percentage
of MB in presence of ZnO nanoparticles is much faster than that Cu-
doped ZnO nanoparticles. Therefore, for the 1.0, 1.5 and 2.0% doped
ZnO samples, the conversion percentages are less than 66% after
220 min, but for 0.5% doped samples, the value was 77%. It is also
noted that a higher Cu-doping concentration into ZnO reduces the
photocatalytic activity. Therefore, for lower Cu content (less than 0.5 at
% Cu) and under visible light illumination, doped samples show higher
MB photodegradation activity, but still lower than that of pure ZnO due
to a crystalline size effect.

4. Conclusions

In summary, a controlled amount of copper ions (0.5, 1.0, 1.5, and
2.0 at.% Cu) was successfully incorporated into ZnO nanoparticles by
sol -gel method. XRD results confirms the substitution of copper ions in
Zn sites without changing the wurtzite structure of ZnO. Also, it was
corroborated that the solubility limit of Cu in ZnO is at low con-
centration. Morphological study reveals the formation of a mixtures of
nanoparticles in predominant proportion and nanowires. TEM and RS
results confirm the hexagonal wurtzite structure of ZnO and agree with
XRD analysis. The energy band gap values decrease with increasing the

Fig. 7. (a)-(d) Infrared spectra of undoped and Cu-doped ZnO nanoparticles. (For interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)
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Cu2+ ions content. Normalized PL showed that some relative emissions
intensities decreases with increasing Cu content. Raman spectra ex-
hibit a shift to lower frequencies due to the copper content, con-
firming stress in samples. Under visible light illumination, the ZnO
sample exhibits a better photocatalytic activity for MB degrada-
tion in comparison to doped samples. Doping reduces the energy
gap of ZnO but does not achieve a better photodegradation of MB

Fig. 8. Micro-Raman spectra of undoped and Cu-doped ZnO nanoparticles. Optical images from micro-Raman spectra (right).

Table 3
Infrared peaks and their assignments for ZnO and Cu-doped ZnO samples.

Assignments Wavenumber (cm–1)
ZnO 0.5% Cu 1.0% Cu 1.5% Cu 2.0% Cu

O–H stretching 3438 3444 3457 3432 3430
O–H bending 1635 1635 1635 1637 1637
C = O stretching 1535 1531 1535 1544 1541
Carbonate ion CO3 (ν3

mode)
1440 1435 1440 1431 1437

Carbonate ion CO3 (ν2
mode)

881 879 881 – 881

Zn–O 478 478 482 487 487
Cu–O – – 426 428 426

Table 4
Experimental frequencies and symmetries of the modes found in Raman spec-
trum of wurtzite-type ZnO and Cu-doped ZnO nanoparticles and their assign-
ments generating the peaks.

Raman Shift, vexp (cm– 1) Symmetryc

ZnOb 0.5% Cu 1.0% Cu 1.5% Cu 2.0% Cu

190 (w) 202 205.6 202 198.8 2TA
332 (w) 328 329 325 325.1 E2

High – E2
Low

379 (vw) 382 379 – – A1(TO)
437 (vs) 434 435 431 431 E2(High)
540 (vw) 538 537.3 – – A1(LO)
587 (vw) 582 575.8 574 571.9 E1(LO)
660 (vw) 658 625 625 – A1

1079 (s) 1079 1078.2 – – A1, E2

1155 (w) 1150 1146.6 1130 1115.8 A1

b Very weak (vw); weak (w), strong (s); very strong (vs).
c Ref [1,3,23,27,28,47,48,49,50].
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dyes. Here, the results are reproducible subject to strict control of
the synthesis conditions.
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