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A B ST R AC T

In this work, the ZnO/CuO nanocomposite was synthesized with two different initial pH values in an acidic media
through a simple one-step and cost-efficient chemical bath precipitation method. To alter the pH value of the solution,
nitric acid was added dropwise and initial pH values were 1.5 and 4.5, respectively. The crystal phase structure of the
samples was investigated by X-ray diffraction analysis (XRD), indicating the formation of wurtzite structure of ZnO and
monoclinic structure of CuO. Additionally, the morphological structure of the as-formed nanocomposites was studied
by field emission scanning electron microscopy (FESEM). It was demonstrated that at pH = 4.5 and 1.5, ZnO nanorods/
CuO nanoflakes and ZnO nanoparticles/CuO nanosheets were formed, respectively. For optical characterizations,
diffuse reflectance spectroscopy (DRS) and photoluminescence (PL) spectra were performed. The band gap energy of
the as-prepared samples was calculated at 3.08 and 2.9 eV with an initial pH of 1.5 and 4.5, respectively. Furthermore,
PL data revealed that the sample synthesized in pH = 4.5 exhibits a significant decrease in electron/hole recombination
rate compared with that of the sample fabricated in pH = 1.5. Accordingly, the photocatalytic activity of the asprepared samples was studied employing methylene blue (MB) under visible-light irradiation. Overall, the prepared
sample at pH = 4.5 and pH = 1.5 demonstrated ~76% and ~66% photo-degradation efficiency of MB after 150 min,
respectively. Finally, the role of holes and hydroxyl radicals on the degradation of MB were proposed using charge
carrier scavengers.
Keywords: Photocatalysis; ZnO; CuO; Nanocomposite; Chemical bath precipitation.

1. Introduction
Zinc oxide (ZnO) has attracted interest due to
its various morphological structures as an n-type
semiconductor. In addition, ZnO has a wide direct
band gap of 3.37 eV [1] which makes it functional
for multiple optoelectronic applications such as
photocatalysis [2], solar cells [3], light-emitting
diodes [4], and UV sensors [5]. Owing to the
growth of population and rising water pollutants,
photocatalytic applications as a practical method
for water treatment have attracted interest for
the past decades as a sustainable technology. In a

photocatalytic system, the semiconductor particles
act as oxidizing agents by producing hydroxyl
radicals under light irradiation. Respectively, ZnO
is highly suggested for photocatalytic applications as
a low-cost and non-toxic semiconductor. However,
ZnO has a high electron-hole recombination rate
and due to its wide band gap energy, the electrons
can only be generated under UV light irradiation
which limits harvesting visible light.
Coupling ZnO with a p-type semiconductor
such as CuO (with a narrow band gap energy of
1.2-1.5 eV) has been reported to be efficient to
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avoid the mentioned drawbacks and enhance the
photocatalytic activity by prolonging the lifetime
of the photo-generated charge carriers and
lowering their recombination rate. Accordingly,
ZnO/CuO nanocomposites can be obtained by
diverse synthesis methods including sol-gel [6],
hydrothermal [7], and chemical bath precipitation
(CBP) [8]. Amongst all, CBP is a facile, lowtemperature method and has been widely used
in the synthesis of nanostructures. Multiple
studies have been done on the photocatalytic
performance of ZnO/CuO nanocomposite. Xu et
al.[9] synthesized CuO/ZnO nanocomposite using
hydrothermal method. It was found that CuO/
ZnO nanocatalysts exhibit higher photocatalytic
performance in contrast to pure ZnO and CuO.
Naseri et al.[10] studied the effect of CuO content
on optical properties of ZnO/CuO nanocomposite
and reported that at higher CuO concentrations,
lower photocatalytic performance occurs due
to the band gap narrowing. Accordingly, Nami
et al.[11] fabricated ZnO/CuO nanocomposite
through CBP method with various concentrations
of CuO and reported that the ZnO/(10 mol%) CuO
nanocomposite represented the highest photodegradation of MB.
Moreover, the pH efficiency of ZnO nanorods
was studied by Mwankemwa et al.[12] and Verrier et
al.[13] using low-temperature CBP which indicated
that the addition of ammonia decreases the density
and diameter of nanorods. It is worth mentioning
that the photocatalytic activity of materials highly
depends on particles size which can be changed
with morphology variation. Morphologies can be
altered by different parameters such as temperature,
time, and pH during the synthesis process. To the
best of our knowledge, the influence of synthesis pH
on the photocatalytic performance of ZnO/CuO
nanocomposite was rarely reported. Hence, in this
study, different amounts of nitric acid were used
to fabricate ZnO/(10 mol%) CuO nanocomposite
through a low-temperature CBP method and the
effect of acidic synthesis media on photocatalytic
activity of this nanocomposite was investigated.

above were purchased from Merck KGaA.
Furthermore, deionized water (18.2 MΩ) was
utilized as the solvent in the synthesis of ZnO/CuO
nanocomposite. The ZnO/CuO nanocomposite was
synthesized through a chemical bath deposition
method. In detail, 20 mM of ZNH, 2 mM of CN,
and 20 mM of HMTA were dispersed into 320 mL
of deionized water. Different amounts of nitric acid
were introduced into the solution until the pH was
4.5 (CZ4.5) and 1.5 (CZ1.5). The obtained solution
was placed in a water bath with a temperature of 90
˚C under constant stirring for 3h. The precipitated
powder was dried at 60 ˚C.
The crystallinity was analyzed using a Philips
X-ray diffractometer (XRD) with Cu-Kα
irradiation. The morphologies of the as-prepared
samples were examined by field emission scanning
electron microscopy (FESEM, JEOL Centurio,
operated at 15 kV). The photoluminescence
(PL) and the diffuse reflectance spectroscopy
(DRS) spectra were measured by Varian Cary
Eclipse Fluorescence Spectrophotometer and
Shimadzu MPC-2200, respectively, to confirm the
photoconductivity and investigate the absorption
spectra of the samples.
The photocatalytic activity of the samples
was investigated by degradation of 30 mL of MB
solution with an initial concentration of 2 mg/L
under the irradiation of visible light. The visible
light was produced by a 150 W lamp (OSRAM,
Germany) located at 30 cm above the solution.
In order to achieve the adsorption–desorption
equilibrium, the mixture of the photocatalytic
powder and MB solution was stirred in dark for 30
min with a magnetic stirrer at ambient temperature.
To evaluate the effect of the concentration of MB, 2
mL of the solution was extracted at an interval of 30
min at a duration span of 150 min and the samples
were analyzed by UV-Vis spectrophotometer
(Unico 2100 model). To estimate the dye
concentration, the maximum absorption peak
of MB at 664 nm was used. Moreover, the blank
test was done under similar conditions. To
identify the generated reactive species during
the photocatalytic degradation process, radical
scavenging experiments were performed. The
radical scavenging activities were carried out
using 10 mM of methanol (MeOH), 10 mM of
disodium ethylenediamine-tetraacetate (EDTA),
and 2 mM of p-benzoquinone (BQ), and 10 mM of
cupric nitrate (CN). Three cycles were investigated
to evaluate the stability and recyclability of the

2. Experimental Details
Zinc
nitrate
hexahydrate
(ZNH)
(Zn(NO3)2.6H2O) as Zn precursor, copper nitrate
tetrahydrate (Cu(NO3)2.3H2O) as Cu precursor,
Hexamethylenetetramine
(C6H12N4,
HMTA)
as a pH buffer and nitric acid (HNO3) as a pH
adjustment were used. All chemicals mentioned
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photocatalyst through the photocatalytic process.
After each cycle, the powder was washed with
ethanol (98 %) and distilled water to be used again
in the next cycle.

To be more specific, increasing the concentration
of nitric acid increases the amount of H+ ions
produced. Therefore, the excessive H+ ions combine
with negatively charged OH- ions and restrict the
formation rate of ZnO and CuO crystals in the
3. Results and discussion
CZ1.5 sample [16].
Fig. 1 demonstrates the XRD patterns of the
The FESEM images of as-prepared samples are
samples. Based on JCPDS No. 36-1451 three main
presented in Fig. 2. Sample CZ1.5 reveals ZnO
peaks of wurtzite ZnO are located at the angles
nanoparticle and CuO nanosheets as shown in Fig.
of 31.8, 34.4, and 36.3, which are attributed to
2a. HMTA plays an important role as a surfactant in
the (100), (002), and (101) planes, respectively.
the formation of CuO nanosheets according to the
Moreover, the two main peaks of monoclinic CuO
hydroxyl ions generated from the decomposition
are located at 35.5 and 38.8 degrees according to
of HMTA [17]. Moreover, the high concentration
JCPDS No. 48-1548. The high-intensity peaks of
of H+ ions tends to slow the formation rate of
wurtzite ZnO and monoclinic CuO were observed
Zn(OH)2 via equation 3 by restricting the number
in the XRD pattern of the CZ4.5 sample. To clarify
of OH- ions. Thus, the limited precipitation rate of
the formation mechanism of ZnO and CuO, it
ZnO leads to the formation of ZnO nanoparticles
should be noted that the OH- produced from the
[18]. With a small amount of nitric acid and
hydrolysis of HMTA according to the equations 1
increasing the pH to 4.5, ZnO nanorods and CuO
and 2, reduces the concentration of H+ ions and
nanoflakes are formed according to the FESEM
reacts with Zn2+ and Cu2+ to form intermediate
images of the CZ4.5 sample in Fig. 2b. The shapehydroxides through equations 3 and 4 [14].
inducing effect of HMTA causes the formation

of ZnO nanorods in which attaching to the non

(1)
polar planes of wurtzite ZnO leads to the growth
(CH
)
N
+
6H
O
↔
6HCHO
+
4NH
ሺͳሻ

(CH22)66N44 + 6H22O ↔ 6HCHO + 4NH33ሺͳሻ
along the polar (basal) plain of ZnO [19]. Liao et
(CH2 )6 N4 + 6H2 O +↔ 6HCHO
+
4NH
ሺͳሻ
NH
OH−− ሺʹሻ
(CH32 )+6 NH42 O
+↔
6HNH
+ 4NH33 ሺͳሻ
4↔+6HCHO
2O+
(2)
al. [20] reported when the hydrogen bonds formed
NH
+
H
O
↔
NH
+
OH
ሺʹሻ
3
−
NH
+ H22 O− ↔ NH44+
2+
3+
+ + OH
− ሺʹሻ
Zn
OH
→
Zn(OH)
ሺ͵ሻ
between Cu(OH)2 molecules were not aligned
NH
H
O
↔
NH
+
OH
ሺʹሻ
2
2+3
2 − → Zn(OH)
4
Zn
OH
2 ሺ͵ሻ
2+2+
− 6H2 O ↔ 6HCHO
(CH
)+6 N
+
4NH
ሺͳሻ
4+
3
Zn2+
OH
→
Zn(OH)
ሺ͵ሻ
(3)
directly, Cu(OH)2 molecules can be deposited
2
Cu
Zn2+ + OH−− → Cu(OH)
Zn(OH)
ሺ͵ሻ
2 ሺͶሻ
+
−
Cu
+
OH
→
Cu(OH)
ሺͶሻ
in distinct ways and form nanoflakes. Through
− ↔ NH4 + OH
NH
ሺʹሻ
2O
Cu2+3 +
+H
OH
→ Cu(OH)2 ሺͶሻ
Cu2+ + OH − → Cu(OH)22 ሺͶሻ
(4)
dehydration of Cu(OH)2 (Eq. 5), CuO nanoflakes
Zn2+ + OH − → Zn(OH)2 ሺ͵ሻ

tend to form. The corresponding elemental
Cu/Zn(OH)
 2+
2 ↔ Cu/ZnO + H2 Oሺͷሻ
−
Cu/Zn(OH)
↔
Cu/ZnO
+
H
Oሺͷሻ
These
intermediate
complexes
act
as
growing
units
mapping images confirmed the presence of Cu and
2
2
Cu + OH →
Cu(OH) ሺͶሻ
Cu/Zn(OH)
2 ↔ Cu/ZnO2 + H2 Oሺͷሻ
Cu/Zn(OH)
↔
Cu/ZnO
+
H
Oሺͷሻ
to
form
ZnO
and
CuO
as
follows
[15]:
Zn in each sample. In addition, the selected areas
2
2


in the Cu and Zn mapping of the samples indicate
n
(αhν)

n = A(hν − Eg )  ሺሻ
(αhν)
−
E
)

ሺሻ
(5)
the positions of CuO and ZnO nanostructures,
g
n = A(hν
Cu/Zn(OH)
↔
Cu/ZnO
+
H
Oሺͷሻ
2
2
(αhν) = A(hν
− E )  ሺሻ
(αhν)n = A(hν − Egg )  ሺሻ
respectively. Accordingly, these areas are brighter

On the other hand, in a highly acidic solution, the
in the Cu element maps and conversely darker in

n
(αhν)
=
A(hν
−
E
)

ሺሻ
XRD
peak
intensities
of
ZnO
and
CuO
decreased.
Zn mapping. The homogeneous dispersion of the
g
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= k app t
ሺͳͳሻ

0 /C)
− = k app t
ln(C
ሺͳͳሻ
0 /C)
·OH/·O
+
MB
→tHO2 + CO2 
ሺͳͲሻ
2
ln(C
/C)
=
k
ሺͳͳሻ
ln(C00 /C) = k app
ሺͳͳሻ
app t

ln(C0 /C) = k app t

Fig. 1- XRD patterns of the samples.

ሺͳͳሻ
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Fig. 2- FESEM images of (a) CZ1.5 and (b) CZ4.5 and the corresponding Cu and Zn mapping images.

Fig. 3- (a) DRS plot and (b) Tauc plots of the samples.

elements in both samples could be attributed to
the unintentional Cu-doping [21]. Moreover, the
distribution of Zn and Cu elements verified that no
other impurities are presented in the as-synthesized
nanocomposites.
The DRS analysis of the synthesized samples
evaluated in the range of 300-800 nm is presented
in Fig. 3a. A broad peak was appeared at around

400 nm for both samples which is attributed to the
presence of Cu element [22]. The absorption edge
of the CZ4.5 sample was slightly shifted to the left
as compared to the CZ1.5 sample. The band gap
energy (Eg) of as-prepared samples was determined
using the Tauc plot (Fig. 3b) by extrapolating the
linear portion of (αhν)2 to the photon energy axis.
The relationship between band gap energy and
24



(CH2 )6 N4 + 6H2 O ↔ 6HCHO + 4NH3 ሺͳሻ
NH3 + H2 O ↔ NH4+ + OH − ሺʹሻ

Zn2+ + OH − → Zn(OH)2 ሺ͵ሻ

Cu2+ + OH − → Cu(OH)2 ሺͶሻ



Jalali N, J Ultrafine Grained Nanostruct Mater, 55(1), 2022, 21-30

optical absorption
was calculated
by the following
the conduction band contain Zn2+ (3d) and the
Cu/Zn(OH)
+ H2 Oሺͷሻ
2 ↔ Cu/ZnO
equation [23]:
valence band constituted by O2- (2p) [27]. The PL

peak position of the CZ4.5 sample is lower than
(αhν)n = A(hν − Eg )  ሺሻ
(6)
the CZ1.5 sample. The reduction of peak intensity
represents diminution in the recombination rate

of photogenerated electron-hole pairs, resulting in
where α, hυ, and A are absorption coefficient,
higher
improvement
in
photon energy, and the proportionality constant for
(CH
N4 + 6H2 O ↔activity.
6HCHOThe
+ 4NH
2 )6photocatalytic
3 
semiconductor
materials,
respectively.
The
value
peak
intensity
of
the
CZ1.5
sample
was
observed.
C0 −C
NH3 + H2 O ↔ NH4+ + OH − 
×to100ሺሻ
Ψൌ
of n is found
be 2 for direct and 0.5 for indirect
Siddiqui et al. [28] investigated the optical
C0
2+
−
Zn
+ OHof
→
Zn(OH)
semiconductors [24]. The band gap energies
properties
CuO
nanostructures
synthesized at
2 

of CZ1.5 and CZ4.5 samples were estimated at
different
concentrations
of
citric
acid
and reported
Cu2+ + OH − → Cu(OH)2 
that the variation in PL intensities is attributed to
3.08 and 2.9 eV, respectively. The morphological
the passivation of surface defects such as oxygen
variation of the samples due to the change in pH
h+ + H2 O → H + + ·OHሺͺሻ
value is the reason for the difference in band gap
vacancies or Cu
interstitials.
Cu/Zn(OH)
2 ↔ Cu/ZnO + H2 O
−
eenergies
+ O2 →
·O−
ሺͻሻ
[25].
To
be
more
specific,
the
larger
E
2
g
3.1. Photocatalytic results
of ZnO−nanoparticle
compared
to ZnO nanorods

·OH/·O
+
MB
→
HO
+
CO
ሺͳͲሻ
2
2
2
leads to the larger band gap energy of the CZ1.5
Fig.n5=exhibits
efficiency of the
(αhν)
A(hν −the
Egphotocatalytic
)  
sample compared with the CZ4.5 sample [26].
CZ1.5 and ZC4.5 samples. The Photo-degradation
rate of MB was evaluated by the following equation
Fig.
4
shows
the
PL
spectra
of
the
CZ1.5
and
ln(C0 /C) = k app t
ሺͳͳሻ
CZ4.5 samples prepared at an excitation wavelength
[29]:
of 325 nm. A UV peak at ~385 nm was observed
C −C
which is attributed to the exciton transition between
(7)
Ψൌ 0 × 100
C0




h+ + H2 O → H + + ·OH

e− + O2 → ·O−
2 

·OH/·O2− + MB → HO2 + CO2 



ln(C0 /C) = k app t



Fig. 4- PL spectra of the as-prepared samples.

1

Fig. 5- Photo-degradation of MB in the absence and presence of catalyst.
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(αhν)n = A(hν − Eg )  
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C −C

Ψൌ 0 × 100
C0 nanocomposite is explained through the
where W, C, and C0 represent the photoCuO
degradation rate, the concentration of MB before
proposed schematic view shown in Fig. 6. Under
the expositor of light, and the concentration of
visible light irradiation, CuO can be excited to form
MB at time t. It can be seen that ~66% and ~76%
the electron-hole pairs. The generated electrons
+
 dissolved oxygen molecules

of MB can be degraded after 150 mins, using theh+ +probably
with
H2 O → Hreact
+ ·OH
CZ1.5 and CZ4.5 samples, respectively. The blank
and
produce
reactive
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such as
(CH2oxygen
)6 N4 + 6H

2 O ↔ 6HCHO + 4NH3 
e− + O2 → ·O−

2 radicals
(CH
test indicates
that
the
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MB
under
hydroxyl
(OH)
and
superoxide
radicals
2 )6 N4 + 6H2 O ↔ 6HCHO + 4NH3 ሺͳሻ
+
−
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+
H
O
↔
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+
OHThe

(CH
)6 N4 + 6Hof
↔ 6HCHO
+is4NH

3
2
4
2
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3 ሺͳሻ
the
irradiation
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which
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+
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+
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2
2
2
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)
N
+
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+
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2
6
4
2
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gap
energy
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H
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3+
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the reaction of these oxidative species and the MB
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+
OH
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2
−
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−
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Zn
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t mineralized
2+ + OH
sample,
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sample2 ሺ͵ሻ
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2
Cu + OH → Cu(OH)2 ሺͶሻ
separation is more
The dosage of the catalyst is one of the most
PL analysis, the electron/hole
Cu/Zn(OH)
+ H2 O
efficient in the CZ4.5 sample in comparison with
2 ↔ Cu/ZnO
important parameters
on the degradation
process.
Cu/Zn(OH) ↔ Cu/ZnO + H Oሺͷሻ
2
2
the CZ1.5 sample.
Hence, the higher
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The degradation efficiency
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explained by the following equations [31]:
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role of active species
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+
H
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+ ·OH
h
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2
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2
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BQ, MeOH,
·OH/·O
+
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+
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2
2
2

ln(CThe
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=
k
t


and EDTA, respectively.
degradation
rates were
0
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The 0degradation
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app mechanism
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1

Fig. 6- Proposed mechanism of MB degradation by ZnO/CuO nanocomposite.
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Cu2+ + OH − → Cu(OH)2 ሺͶሻ



Cu/Zn(OH)2 ↔ Cu/ZnO + H2 Oሺͷሻ


(αhν)n = A(hν − Eg )  ሺሻ
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achieved degradation efficiency of MB shows that
where C and C0, are the reaction concentration
C0 −C of MeOH and EDTA had a higher
the addition
at time t and the initial concentration of MB,
× 100ሺሻ
Ψൌ
C0
impact compared
to the two other scavengers.
respectively, and kapp is the pseudo-first-order
Thus,
it
can
be
concluded
that
the
photo-generated
kinetic constant. Accordingly, the addition of CN

holes are more effective than the photo-generated
and BQ resulted in a slight decrease of kapp to the
electrons. These results also have been confirmed
values of 0.0076 and 0.0064 (1/min), respectively.
+ the kinetic +study of
by
the
degradation
process
The contribution of holes in the ሺͺሻ
degradation
h + H2 O → H + ·OH
illustrated
in
Fig.
8(b).
The
kinetic
study
reveals
process
of
MB
can
result
in
the
production
of •OH.
−
−
ethat
+the
O2 →
·O
ሺͻሻ
2
photo-degradation
of organic pollutants
Furthermore, MB dye is positively charged and
−the pseudo-first-order 
follows
model
according
to
because of the electrostatic force, •OH
·OH/·O2 + MB → HO2 + CO2
ሺͳͲሻbecomes
the following equation [35]:
adsorbed on the surface of MB and causes MB to

degrade [36]. Therefore, the holes and •OH exhibit
(11)
a superior effect on the photo-degradation of MB.
ln(C0 /C) = k app t
ሺͳͳሻ

Fig. 7- Effect of catalyst dosage on photo-degradation of MB dye after 150 min of visible light irradiation.

1

Fig. 8- (a) photocatalytic degradation of MB over the CZ4.5 sample and (b) kapp values in the presence of scavengers.
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Fig. 9- Stability and reusability of the CZ4.5 sample on the degradation of MB dye over three cycles.
Table1- Comparison of degradation efficiencies of organic dyes using ZnO/CuO nanocomposites as the photocatalyst

The photostability and reusability of the CZ4.5
sample have been studied by recycling the sample
for three cycles. As shown in Fig. 9, the degradation
efficiency of MB decreased from 76% in the first
cycle to 71% in the third one. Accordingly, a slight
shift was observed in the photocatalytic degradation
after three rounds of testing. This, may be due to the
loss of the photocatalyst powder during each round
of collection and reuse. It is worth mentioning that
the catalyst retained its original color after washing
and drying during each run.
It is great to notice that the photocatalytic
degradation of organic dyes depends on various
factors such as light source, synthesis conditions,
target pollutant, etc. [37,38]. For instance, different
light sources provide different wavelength emission
range for degradation of dyes [39]. Also, diverse
synthesis conditions such as temperature and
pH can influence the solubility of the obtained
catalyst and affect the kinetics of the photocatalytic
reactions [40]. Table 1 briefly displays a comparison
between the degradation efficiencies of ZnO/CuO
nanocomposite in recent experimental studies
based on the mentioned factors.

facile chemical bath precipitation method. To
find out the effect of the synthesis pH, different
characterization techniques were employed. The
structural and morphological properties were
investigated by FESEM and XRD. Additionally, the
DRS results show that the band gap energy of the
CZ4.5 sample is smaller than the sample synthesized
at a lower pH value. Further investigation such as
PL was considered on the optical properties. The
PL spectra indicate the reduction of electron-hole
recombination rate in the CZ4.5 sample. Thus, an
enhanced visible absorption was observed in the
CZ4.5 sample due to the optical investigations.
Photo-degradation performance of ZnO/CuO
nanocomposites revealed that the degradation
efficiency of MB in the CZ4.5 sample after 150 min
is ~76% which is higher than the one for the CZ1.5
sample. The photocatalyst dosage was increased from
500 mg/L to 600 and 700 mg/L and the maximum
photocatalytic efficiency was first increased to
94% and decreased at the higher dosage. The holes
and hydroxyl radicals were found to be important
elements for the photocatalytic mechanism over the
synthesized sample. The photocatalytic efficiency of
the optimized sample (CZ4.5) indicated no notable
losses after three cycles. It seems that the CZ4.5
sample can be a good candidate for effective removal
of pollutants in wastewater treatment.

4. Conclusion
In summary, ZnO/CuO nanocomposites with
different pH values were synthesized through the
28
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