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Unusual photoluminescence of Cu–ZnO and its correlation with
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Abstract. Cu–ZnO was synthesized by sol–gel route with a varied copper concentration of 1, 2 and 3 mol%. The synthesized
materials were structurally characterized with powder X-ray diffraction and Raman spectroscopy, morphologically using
a ﬁeld emission scanning electron microscope, and electronic properties were studied with UV–visible spectroscopy and
photoluminescence spectroscopy. Variation in Cu doping showed enhancement/quenching in photoluminescence of ZnO.
This special characteristic is reﬂected in photocatalytic reduction of Cr(VI).
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1. Introduction
Zinc oxide (ZnO) is an inexpensive, n-type, direct wide band
gap II–VI semiconductor with optical transparency in the visible range. Substantial attention has been paid towards its
application as a photocatalyst for vast usages, starting from a
self-cleaning window to an advanced catalyst for wastewater
treatment process [1–4]. The heterogeneous photocatalysis
generally involves formation of an electron–hole pair upon
suitable light irradiation. Catalytic oxidation is assumed to
proceed directly by photogenerated holes (in valence band—
VB) or by forming radicals, like • OH and O−
2 , which are
produced from surface adsorbed water, oxygen and hydroxyl
groups. On the other hand, the photoexcited electrons in
the conduction band (CB) help the catalytic reduction. The
photocatalytic activity of ZnO can be improved by various
techniques such as increasing the surface area [5], controlling
the designed shape [6,7], doping a transition metal in the lattice [8] and so on. However, the major challenge in efﬁcacy of
a photocatalyst is the phenomenon like electron–hole recombination. Doping metals in ZnO have attracted attention for
improving photocatalytic activities because it helps trapping
the photo-induced charge carriers and (i) inhibits the charge
recombination process, (ii) facilitates interfacial chargetransfer reaction and (iii) modiﬁes the absorption spectrum
of the metal oxide nanomaterials [9–17]. Ag doping in ZnO
has been found to enhance the light absorption ability of ZnO

nanomaterial as well as improve its gas sensing properties
[18]. Since Ag is a very expensive metal, the development of a
different low-cost metal for doping ZnO has been investigated
in recent years. Cu is one of the metals of interest because it
is in the same group as Ag and is widely used as a catalyst for
many reactions. Also, Cu is a prominent luminescence activator in II–VI compounds; hence, it is quite signiﬁcant that
Cu-doped ZnO will exhibit possible modiﬁcations in physical
and optical properties, which in turn inﬂuences the catalysis.
In this work, Cu–ZnO has been synthesized by sol–gel route
[16] with a varied copper concentration of 1, 2 and 3%. The
synthesized photocatalysts were used to photoreduce Cr(VI)
to Cr(III) in aqueous solution. Cr(VI) is designated as one
of the most priority pollutants present in waste and drinking
water because of its acute carcinogenic and mutagenic nature
to the living beings [19–21]. It is also reported that Cr(VI)
can easily penetrate the placenta and affect the fetus [22,23].
On the other hand, Cr(III) is environmentally benign and also
an essential metabolite for the functioning of insulin [24–28].
Therefore, as a model catalytic reaction, Cr(VI)–Cr(III) photoreduction was explored with Cu–ZnO oxides synthesized
by the sol–gel route. The electronic properties of the synthesized catalysts were determined by photoluminescence (PL)
and diffuse reﬂectance spectroscopy, and the results were correlated with their photocatalysis performances.

2. Experimental
S Shraavan and Swapna Challagulla have contributed equally to this
study.

Zinc acetate (Zn(OAc)2 ) and copper acetate (Cu(OAc)2 ) were
purchased from SD Fine Chemicals and used as received.
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3. Results and discussion
Figure 1 shows the XRD patterns of pristine ZnO and
Cu-doped ZnO powders. Pure ZnO was crystallized in a
hexagonal wurtzite structure (JCPDS #75-0576). The crystallite size was determined using the Debye–Scherrer formula,
D = 0.9λ/βcos θ , where D is the crystallite size, λ is the
X-ray wavelength, β is the line width and θ is the angle of
diffraction. The crystallite sizes of ZnO were found to be 53.6
nm. In the XRD pattern of 1% Cu–ZnO, there was no extra
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Diethanolamine (DEA), diphenyl carbazide (DPC) and
isopropanol (IPA) were purchased from Alfa Aesar and used
as received unless otherwise mentioned. The Cu-doped ZnO
powders were prepared by the sol–gel method [16]. Requisite
amount of Cu(OAc)2 was dissolved in minimal amount of
water, while requisite amount of Zn(OAc)2 was dissolved in
20 ml of IPA. DEA was added to the Zn(OAc)2 solution as a
stabilizing agent. The Zn:DEA mole ratio was maintained as
1:1. The Cu(OAc)2 solution was then added to the Zn(OAc)2
solution and the resulting solution was stirred for 1 day at
room temperature. This precursor solution was then aged for
1 day and the jelly-like substance was annealed at 800◦ C for
1 h to synthesize Cu–ZnO. The amount of Cu(OAc)2 was
varied to synthesize 1, 2 and 3 mol% Cu–ZnO.
X-ray diffraction (XRD) analysis with a Bruker AXS D8
Advance instrument was used for studying the crystalline
property of the synthesized catalysts. The morphological
study of as-synthesized catalysts was carried out using a ﬁeld
emission scanning electron microscope (FE-SEM, Carl-Zeiss
ULTRA-55). Raman spectra were measured using a UniRAM
3300 Raman microscope with an incident laser wavelength
of 532 nm. To study the band gap of the synthesized catalysts, solid-state UV measurements were performed with
the help of a JASCO V-670 UV–visible spectrophotometer. PL measurements were carried out at room temperature,
using a spectroﬂuorometer (JASCO FP-6300) at an excitation
wavelength of 295 nm. A JASCO V-650 UV–visible spectrophotometer was used to analyse the Cr(VI) concentration
during photocatalytic reduction.
The photoreduction of Cr(VI) was carried out in a cylindrical annular batch photoreactor ﬁtted with a medium-pressure
mercury vapour lamp of 125 W. The lamp was surrounded
with a double-walled borosilicate immersion well and was
constantly cooled by circulating water around it. For the photoreduction study, 20 ppm of 100 ml potassium dichromate
solution, 4 mM oxalic acid and 30 mg of catalyst were taken
in the reaction vessel. The pH of the solution was maintained
at 3.0 using 0.1 M HCl and 0.1 M NaOH before starting
the experiment. The solution was subjected to adsorption–
desorption equilibrium under dark condition for 15 min. The
aliquots were collected at regular time intervals during the
photoreduction. The analysis of Cr(VI) was carried out by
forming a complex with DPC and concentration was measured at 540 nm.
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Figure 1. XRD patterns of (a) pristine ZnO, (b, c and d) 1, 2 and
3% Cu/ZnO, respectively.

peak due to CuO. This could be due to very high dispersion
or low crystallinity of CuO or due to the lattice substitution of
Cu. However, when Cu loading was increased to 2 or 3%, CuO
(111) peak was observed at 2θ = 38.78◦ , and this indicates
that with higher amount of Cu, it precipitates out of the solid
solution. The crystallite size measured from XRD pattern was
51.7, 56.4 and 58.9 nm for 1, 2 and 3% Cu–ZnO, respectively.
The crystallite size decreased in 1% Cu–ZnO compared with
undoped ZnO. This was also observed in literature, due to
formation of complex defects [29,30]. However, it is interesting to ﬁnd out that with higher doping amount of Cu, the
crystallite size increases.
Figure 2 presents the Raman spectroscopy of the synthesized catalysts. The space group C6v describes the crystalline
structure of the wurtzite ZnO compound with two formula
units in the primitive cell. Optical phonons at the C point
of the Brillouin zone belong to the irreducible representation
(optical) = A1 + 2E2 + E1 , where both A1 and E1 modes
are polar and split into transverse optical (TO) and longitudinal optical (LO) phonons with different frequencies. Pristine
ZnO showed a prominent peak at 436 cm−1 in addition to
weak peaks at 330, 380 and 577 cm−1 . The peaks at 330, 380
and 578 cm−1 can be attributed to E2 (high)–E2 (low), A1(TO)
and A1(LO) modes, respectively. The peak at 436 cm−1 can
be attributed to Raman active modes of E2 (high), which represents the wurtzite hexagonal structure of ZnO [31,32]. This
is in accordance with the XRD pattern of pristine ZnO. However, with Cu doping, there was a minor change in the E2 (high)
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Figure 2. Raman spectroscopy of (a) pristine ZnO, (b, c and d) 1,
2 and 3% Cu/ZnO, respectively.

at 436 cm−1 . The band at 436 cm−1 in ZnO was shifted to
439 cm−1 in Cu–ZnO. Accordingly, the intensity was also
inﬂuenced by the Cu doping. The intensity was weakened in
1% Cu–ZnO compared with ZnO; however, with higher doping the intensity was strengthened. This is in accordance with
the literature [33].
Figure 3 presents the FE-SEM images of ZnO and
Cu-loaded ZnO. The morphology of ZnO (ﬁgure 3a and b)
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was found to be cuboid shape, with smooth surface particles of size 80–100 nm. The Cu-loaded ZnO samples also
showed similar morphology like ZnO with crystallite sizes
ranging from 100 to 300 nm (ﬁgure 3c and h). There was
no evidence of separate CuO particles, which may be due
to very high dispersion or low crystallinity of CuO particles.
The ED spectra conﬁrmed the presence of Cu according to its
loading.
The optical band structure of a semiconductor plays a
pivotal role in determining its potential catalytic utility.
(K E)1/2 vs. E plots, derived from diffuse reﬂectance spectra of pristine ZnO, 1, 2, and 3% Cu–ZnO are shown
in ﬁgure 4a. The Kubelka-Munk factor (K ) is calculated
using the formula K = (1 − R)2 /2R, where R represents
the % reﬂectance and E is energy of the incident radiation. The pristine ZnO synthesized by the sol–gel route
shows a direct semiconducting band gap (E g ) of 3.3 eV.
With the introduction of Cu, the band gap was slightly
reduced to 3.1 eV. However, by varying the Cu concentration, there was no signiﬁcant difference in E g . The
narrowing of the band gap for Cu–ZnO compared with
pristine ZnO could be due to the presence of Cu2+ (3d)
band just below the CB of ZnO. Figure 4b describes
the E g between VB and CB of Cu–ZnO obtained from
the diffuse reﬂectance spectra, which is merged with the
standard reduction potential of Cr(VI)–Cr(III). Upon irradiation of UV light, the electrons move from the VB of
ZnO to its CB, leaving the holes behind. The presence of
Cu2+ may act as a heterojunction and the excited electron
from the CB of ZnO may move downhill to the Cu2+ (3d)
band. This can reduce the electron–hole recombination.
The photoexcited electron may reduce the Cr(VI) to Cr(III)
efﬁciently.
PL spectra of pristine ZnO and Cu-doped ZnO powders
are shown in ﬁgure 5. For the pristine and also for the doped
oxides, there are two distinct emissions, one sharp peak at
335 nm, and a broad band at ∼ 475 nm. Apparently, 1% Cu–
ZnO showed enhanced UV emission and quenched visible

Figure 3. FE-SEM images of ZnO (a, b), 1% Cu/ZnO (c, d), 2% Cu/ZnO (e, f) and 3% Cu/ZnO (g, h).
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Figure 5. Photoluminescence spectra of pristine ZnO and Cudoped ZnO powders.

Figure 4. (a) Diffuse reﬂectance spectra of synthesized catalysts,
and (b) the E g between VB and CB of Cu/ZnO obtained from the diffuse reﬂectance spectra merged with reduction potential of Cr(VI).

emission compared with that of pristine ZnO. With increase
in Cu doping, the visible emission is gradually quenched, but
the UV emission shows some interesting behaviour. Compared with 1% Cu–ZnO, 2% Cu–ZnO showed enhanced UV
emission; however, when the Cu concentration was increased
to 3%, there was quenching in the emission peak; 2% Cu–ZnO
showed the highest intensity of UV emission peak. It is known
that the UV emission belongs to the band gap emission, while
the visible emission is due to the defect emission that arises
from the recombination of holes with electrons trapped at the
oxygen vacancies in ZnO [34]. Generally, the lower PL intensity signiﬁes lesser electron–hole recombination. It could be
concluded from the PL spectra that higher Cu doping reduces
the electron–hole recombination at the defect site; however,
the recombination through direct band gap does not follow
any linear trend.

The change in band gap and electron–hole recombination
greatly inﬂuence the photocatalytic reactions. Therefore, photocatalytic reduction of Cr(VI) was explored with pristine and
Cu-doped ZnO powders. Figure 6a shows the photoreduction of Cr(VI) in aerobic condition under UV light exposure
against time. Oxalic acid was used as a hole scavenger for
the photoreduction studies. As seen in the ﬁgure, the pristine
ZnO reduced the Cr(VI) completely in 40 min, whereas, the
doped Cu–ZnO required lesser time. Among the Cu-doped
ZnO samples, 2% Cu–ZnO was the best and reduced Cr(VI)
completely within only 25 min. The initial rates of the reactions were calculated at 10 min of progress of the reaction
by the differential method in a batch reactor. The rate of
the photoreduction over pristine ZnO and 1, 2 and 3% Cu–
ZnO was found to be 4.3 × 10−2 , 5.09 × 10−2 , 7.98 × 10−2
and 5.62 × 10−2 mol l−1 g−1 min−1 , respectively. It should
also be noted that 2% Cu–ZnO not only showed higher rate
of Cr(VI) photoreduction, but also showed higher intensity
in UV emission in PL compared with the other doped and
undoped samples. For a constant volume of the reactor, the
Catalyst

rate of the following catalytic reaction Cr(VI) → Cr(III)
can be represented as follows:

Rate = −


d [Cr(VI)]
= k[Cr(VI)]α ,
dt

d [Cr(VI)]
ln
dt


= ln k + αln [Cr(VI)] ,

(1)

where k is the rate constant and α is the order of the reaction.
Equation (1) is plotted in ﬁgure 6b, and the rate constant
for Cr(VI) photoreduction with 2% Cu–ZnO is found to be
1.18 mol1.205 · L−1.205 · s−1 with the order − 0.205.
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Figure 6. (a) Photoreduction of Cr(VI) with pristine ZnO and Cudoped ZnO powders and (b) plot of ln[Cr(VI)] vs. ln(d[Cr(VI)]/dt)
for Cr(VI) photoreduction with 2% Cu/ZnO.

4. Conclusion
Pristine ZnO and 1–3 mol% Cu–ZnO powders were synthesized by the sol–gel method. XRD analyses showed hexagonal
wurtzite structure of the synthesized powders. CuO (111) peak
was found only in 2 and 3% Cu–ZnO samples. Raman studies
showed the evidences of Cu doping in ZnO. Band gaps of the
materials were determined from diffuse reﬂectance spectra,
which showed lowering of band gap due to Cu doping in ZnO.
PL studies of the pristine and the doped materials showed
interesting behaviour in electron–hole recombination, which
was also reﬂected in photocatalytic reduction of Cr(VI).
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