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ABSTRACT

In this paper, various morphologies of copper oxide (CuO) were synthesized from acetate,
sulfate, and nitrate precursors using hydrothermal bath method. The photoluminescence
spectra revealed that CuO-Ni sample contains the strongest surface defect peak which can
be related to its highest active surface area. The Fourier transform infrared (FI-IR) results
showed that the concentration of the surface OH™ group on the samples varies considerably
according to CuO-Ac > CuO-Ni > CuO-Su. From structural results, it could be observed that
all the samples crystallized into a monoclinic crystal structure. The photocatalytic activity of
CuO samples was evaluated by the catalytic oxidation of methylene blue in the presence of
hydrogen peroxide. Concerning the nearly same optical band gap for the samples, the best
photocatalytic performance of CuO-Ni nanorods was assigned to its highest active surface

area and surface hydroxyl groups.
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1. Introduction

In the recent years, copper oxide (CuO) nanostruc-
tures have attracted great interest among researchers
because of their interesting properties [1]. CuO, as a
versatile p-type transition metal oxide semiconductor
with a narrow band gap (ranging from 1.2 to 1.6 eV),
has been extensively investigated in various fields such
as gas sensors [2], solar energy transformation systems
[3,4], heterogeneous catalysis [5], lithium-ion electrodes
[6], magnetic materials [7], and superconductors [8].

*Corresponding author.

Beside these applications, CuO has been proposed as
an effective photocatalyst under visible and ultraviolet
(UV) light irradiation [9-12]. Therefore, it could be
concluded that fabrication of well-defined CuO
nanostructures optimizes their performance in
photocatalytic applications [13]. In this regard, various
morphologies of CuO such as nanoparticles [14,15],
nanoribbons [16,17], networks [18], nanoneedles [19],
nanoshuttles [20], nanoflowers [21], nano-hierarchicals
[22,23], and hollow microspheres [9] have been
synthesized and studied in different applications.
Concerning the photocatalytic applications, Zaman
et al. [24] observed that the size and morphology of
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CuO nanostructures are two important parameters
affecting their performance against methylene blue
(MB) and rhodamine B (RB). In fact, they found that the
CuO petals show higher visible photocatalytic activity
than the flower-like morphology. Shi et al. [25] synthe-
sized CuO nanorods using a microwave method and
observed that CuO nanorods with higher surface area
have a relatively faster degradation rate against RB
compared with other morphologies of CuO. Neverthe-
less, one can see a gap of study on the effects of CuO
morphologies, surface functional groups, and surface
defects on the photodegradation of a common dye
pollutant which is the main object of this work.
The strategy for producing various morphologies is on
the base of changing CuO precursors which can form
interesting shapes and morphologies in the presence of
a surfactant. In this work, three different morphologies
of CuO nanostructures were prepared using the various
precursors in the presence of cetyltrimethylammonium
bromide (CTAB) and urea as a surfactant and a
hydrolysis agent, respectively. The prepared CuO
nanostructures were photocatalytically evaluated by
photodegradation of MB in the presence of a small
amount of H,O, under visible and UV light irradiation.

2. Experimental procedure
2.1. Materials and methods

All the reagents used in this study were purchased
from Merck Company with analytical grade and used
as received without any further purification. Copper
nitrate  (Cu(NOj3);-:3H,O), copper acetate (Cu
(Ac)'Hy0), and copper sulfate ((CuSO4)-5H,O) were
applied as precursors of copper oxide. The urea (CO
(NH,),) and CTAB were employed as a hydrolysis
agent and a cationic surfactant, respectively [9]. The
saturated Cu”* solution was prepared by dissolving
0.26 M of each copper salt in 30 ml distilled water,
separately. Then, 12 mmol of urea and 5.4 mmol of
CTAB were added to each of the solutions under con-
stant stirring for 15 min to form a blue homogeneous
solution. Subsequently, the mixtures were transferred
into a Teflon-lined stainless steel autoclave with 50 ml
capacity and maintained at 180°C for 6 h. Finally, the
system was allowed to cool down to the room temper-
ature. The resulting black precipitate was collected
and washed with ethanol and distilled water for sev-
eral times to remove anions and other impurities.
Then, the samples were dried in a vacuum oven at
80°C for 5 h. After this, the CuO powders which were
produced by copper nitrate, copper sulfate, and cop-
per acetate are denoted as CuO-Ni, CuO-Su, and
CuO-Ac, respectively.
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2.2. Characterizations

The crystalline structure of the prepared CuO
samples was analyzed using an X-ray diffraction
method (INEL EQUNOX 3000 diffractometer) with
monochromatized Cu-Ko radiation (1=1.541874 A) in
the range of 20-70° with step size of 0.031. The optical
characteristics of the samples were evaluated using a
UV-Visible diffuse reflectance spectroscopy (DRS)
from 190 to 900 nm by a MPC-2200 spectrophotometer.
The morphology of the nanostructures was depicted
by a scanning electronic microscope (SEM, Tescan
Vega II). The SEM samples had been coated by a
gold thin film by a desktop sputtering system
(Nanostructured coating Co., Iran). Fourier transform
infrared (FT-IR) spectra were recorded on a Shimadzu-
8400S spectrometer in the range of 400-4,000 cm™'
using KBr pellets. Room temperature photolumines-
cence spectra (PL) were taken on a PL-Perkin-Elmer
LS55 equipped with a 450 W Xe lamp as an excitation
source. The active surface area of the samples was
measured by Brunauer-Emmett-Teller (BET) method
using a Micromeritics Gemini 2375 apparatus.

2.3. Photocatalytic procedure

In a typical process, the catalytic reaction was car-
ried out in a 100 ml photoreactor, which contains
50 ml of MB dye (20 mgl™") solution and 0.005 g of cat-
alyst. Before irradiation, the solution was stirred in the
dark (60 min) for obtaining an equilibrium point of
initial physical adsorption of MB over the surface of
CuO samples. Irradiation was carried out using a
combinatory light source of visible light (400 W tung-
sten lamp) and UV light (400 W high pressure mer-
cury lamp). All photocatalytic experiments were
accomplished at the same conditions. The distance
between the surface of the MB solution and the light
sources was about 20 cm. For determination of MB
decolorization at specified periods, the lamps were
turned off and 3 ml of each sample was collected and
separated from the photocatalyst by centrifugation.
The photocatalytic performance was indirectly moni-
tored by relating the optical absorbance to the MB
degradation amount using a double beam UV-Visible
spectrophotometer at a wavelength of 664 nm.

3. Results and discussion

The FT-IR spectra of CuO samples synthesized by
different precursors (CuO-Ni, CuO-Ac, and CuO-Su)
are shown in Fig. 1. The main absorption peaks
located at 436, 521, and 585 cm ! are due to the forma-
tion of pure CuO monoclinic phase [10,26,27]. Since
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Fig. 1. The FT-IR spectra of the CuO samples fabricated by three different precursors: (A) CuO-Ni, (B) CuO-Ac, and

(C) CuO-Su.

the anionic groups have considerable effects on the
photocatalytic degradation reactions [28] for removing
the unwanted effects of anions, the samples were
post-washed many times by DI water and ethanol. As
can be seen from FI-IR spectra, all of the samples
have the same CuO-related peaks and no other func-
tional groups are detected. On the other hands, the
lack of any other peaks implies that unwanted impuri-
ties and phases are not present.

The peaks appeared at 3,455 and 1,645 cm™' could
be assigned to the stretching and bending vibrations
of adsorbed water molecules and surface hydroxyl
groups, respectively [27]. The observed blueshift of
the low wavenumber peak is related to the size-
induced variations in the lattice dimensions and the
existence of crystal defects such as surface unsaturated
coordination sites and edge dislocations [29]. It is also
observed that the intensity of surface physical and/or
chemical bonded H,O and OH molecules CuO sam-
ples prepared from nitrate and acetate is much higher
than that of CuO-Su sample. This observation could
be related to the higher surface area of CuO-Ni and
CuO-As samples.

The X-ray diffractions of the copper oxide nano-
structures are shown in Fig. 2. All the observed peaks
can be ascribed to the monoclinic CuO structure
(JCPDS Card No. 05-0661). Moreover, two characteris-
tic peaks at 26 =35.6 and 38.8° could be well indexed
as (111)-(002) and (111)~(200) planes of the CuO
structure. Therefore, no other phases or impurities
have been crystallized in the synthesis procedure.

The XRD results implied that the anion type of
precursor salts can effectively adjust the crystallite size
and lattice microstrain of as-crystallized CuO samples.
According to the Williamson-Hall equation [30], peak
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Fig. 2. The XRD patterns of hydrothermally grown

CuO-Ni, CuO-Ac, and CuO-Su samples.

broadening is due to combination effects of apparent
domain size (I) and lattice strain ():

B,..cosH:KT/{—Q—n.sinH (1)

where 1 is the X-ray wavelength (1.54 A), K is the
Scherrer constant (0.94), and 6 is the Bragg angle. On
the base of this equation, the width of diffraction
peak, B,, can be considered as the sum of widths due
to crystallite sizes and mean lattice microstrains. The
Williamson-Hall plots are presented in Fig. 3((A)-(C)).
The slope of the fitted line is attributed to lattice mi-
crostrain. The positive slope of all fitted lines shows
that tensile microstrain is induced in crystal lattice of
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Fig. 3. Williamson-Hall plot of the different samples: (A) CuO-Ac, (B) CuO-Su, and (C) CuO-Ni.

all samples. The higher slope magnitude of CuO-Ac in
comparison to that of CuO-Su and CuO-Ni suggests
the enhancement of the lattice tensile strain where
mean lattice microstrains () were calculated to be
0.0037, 0.0025, and 0.013% for CuO-Ni, CuO-Su, and
CuO-Ac samples, respectively. The induced Ilattice
strain is commonly originated from defects and lattice
distortions in the crystals [31]. Moreover, the average
crystallite sizes of the CuO were determined using the
intersect value of the regression lines with the y axis.
Concerning this, the average crystallite sizes were
found to be 58, 123, and 44 nm for the CuO-Nj,
CuO-Ac, and CuO-Su, respectively. The small value
for CuO-Su is due to the effects of sulfate anions
which suppress the preferential crystal growth in
hydrothermal condition as it was observed by Abbasi
and coworkers [32] in the case of ZnO.

The SEM images of CuO nanostructures are pre-
sented in Fig. 4. Different CuO morphologies obtained
from various precursors might be related to the effects
of anions on the growth of CuO nanostructures. It is
suggested from Fig. 4(A) that nitrate anions facilitate
the fast growth rate of the CuO nanostructure in a pref-
erential orientation as a nanorod shape, which is in
good agreement with the results of ZnO hydrothermal

growth [31]. Fig. 4(B) shows an aggregated nano- and
micro-powder synthesized from copper acetate precur-
sor. It has been suggested that acetate anions could
adsorb over the preferential planes and ban the growth
of CuO in the specific orientations resulting in shape-
less nanopowder growth [33]. Fig. 4(C) shows the nano-
flake candle-like morphology (the thickness of layers
are about 30 nm and average diameter of candles are
about 1.4 um). As can be seen, sulfate anions suppress
the preferential growth of CuO crystals and nanoflake
features are formed. It has been confirmed that sulfate
anions may block some active sites of the metal oxide
surface [32]. Hence, the growth proceeds in more than
one direction. Moreover, it can be observed that stabi-
lized nanoflakes are bonded to each other to form a
candle-like nanostructure.

Room temperature PL of CuO samples measured
using an excitation wavelength of 390 nm is shown in
Fig. 5. It can be seen that all samples exhibit strong
peaks at ~1.87, 2.22, and 248 eV as well as a weak
peak at ~1.50 eV. The PL peak located at ~1.50 eV is
related to recombination of electron and holes at
oxygen vacancies, whereas the other emission peaks
are the band edge emissions from the new sublevels
due to the structural defects of CuO lattice [34].
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Fig. 4. The SEM images of the CuO samples fabricated by three different precursors: (A) CuO-Ni, (B) CuO-Ac, and

(C) CuO-Su.
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Fig. 5. The typical PL spectra of different structures grown
in various precursors.

It is observed in the literature [35] that higher con-
centration of defects will result in higher green PL
intensity. By comparing the spectra, it can be con-
cluded that the much stronger and broader defect
peaks of CuO-Ni and CuO-Ac are related to their
higher deep level defects compared with that of
CuO-5u sample. Moreover, the blueshift in the PL

peak position from CuO-Su to CuO-Ac is attributed to
the Burstein-Moss effect resulting from small sized
particles, which is in good agreement with the SEM
images.

Fig. 6 shows the N, adsorption and desorption of
the CuO-Ni sample at 77 K. The results were analyzed
using Belsorp data analysis software and showed that
the BET surface area of samples were 64.8, 61.2, and
52.4 ng_l for CuO-Ni, CuO-Ac, and CuO-Su, respec-
tively. This result is in good agreement with the SEM
images, where hierarchical structure of CuO nanorods
seems to have the lowest tendency for aggregation.

The DRS measurements of the CuO samples are
shown in Fig. 7(A). In addition, optical band gap of
samples were calculated using the well-known Tauc
method [36]. Generally, the Tauc relation is written as:

(ahv)? = A(hv — Eg) )

where a is the absorption coefficient, E; is the optical
band gap, A is a constant related to the effective mass,
hv is the photo energy, and is the power depending
upon the type of optical transition between the
valence and conduction bands which takes the value
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two for direct transition and % for indirect transition
[36]. The corresponding band gap energy, E,, would
be obtained by extrapolating a linear fitting from the
(ahv)? vs. hv plot and interaction on the hv axis. The
calculated optical band gaps summarized in Fig. 7(B)
implies that band gap values of all samples are almost
identical and close to the band edge emission peak of
the PL curves. These nearly same values could be
explained by the fact that all samples were crystallized
in a similar monoclinic crystal structure.

Copper oxide nanostructures have an important
application in photodegradation of dye pollutants in
the presence of H;O,. MB was chosen as a model pol-
lutant to study photocatalytic reaction of CuO.
Fig. 8(A) shows a comparison of the photocatalytic
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activity of CuO nanostructures prepared by three
different precursors for degradation of MB under visi-
ble light radiation for 180 min in the presence of
H,0,. The activity photocatalytic degradation of CuO-
Ni is better than that of CuO-Su and CuO-Ac under
visible light irradiation. Fig. 8(B) illustrates the photo-
catalytic degradation of MB in presence of only H,O,
as compared to that in presence of H;O, and CuO-Ni
under visible and UV light radiation. This figure
reveals that H,O, can alone destroy the MB structure,
but the photodegradation amount of MB is higher in
presence of CuO nanostructures and H;O,. On the
other hands, MB degradation efficiency of CuO-Ni in
the visible light is better than UV light irradiation (the
degradation percentage of MB solution with concen-
tration of 20 mgl™" was about 100% at 180 min under
visible light irradiation). The low band gap of CuO-Ni
and increased activity of this semiconductor in visible
light can thus be confirmed.

By monitoring the MB absorption peak at 665 nm,
the plots of the percentage degree of degradation vs.
reaction time were obtained for the CuO samples
under UV and visible light irradiation. The percentage
degree of MB degradation was calculated by the
following equation:

C—-C
0

% Degradation = x 100 3)

where Cy and C are the initial and final concentrations
of MB, respectively. The percentage degree of MB
photodegradation (with different initial concentration
of 5, 10, and 20 mgl_l) vs. reaction time was investi-
gated in presence of CuO-Ni and H,O, under visible
and UV light irradiation (Fig. 9((A)-(D))). The kinetics
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Fig. 7. (A) DRS and (B) the Tauc plot of (a/w)* vs. hv of the CuO samples fabricated by different precursors.
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reaction time].

of these degradation reactions were investigated too. exhibited a pseudo-first-order kinetic model which is
The photodegradation reaction of MB by CuO-Ni expressed as follows:
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Table 1

The rate constant and R (linear regression) of photodegra-
dation reaction of MB by CuO-Ni catalyst under visible
irradiation

Ln (C/Cy) (ppm) k R?
Vis—5 0.029 0.979
Vis—10 0.02 0.997
Vis—20 0.018 0.998
Uv—5 0.024 0.998
UvV—10 0.014 0.997
UvV—20 0.008 0.997
C
—In — =kt 4
n C 4)

where Cj is the initial concentration of a pollutant, C
is MB concentration at time t, and k is the rate con-
stant of first-order reaction. The amount of k for differ-
ent photodegradation reactions can be obtained by
determining the slope of curves (Table 1).

It is clear that the initial concentration of MB
effects on the rate of the photocatalytic degradation
reaction. The increased concentration of MB leads to
the reduction of the reaction rate, because the absor-
bance of light by the MB molecules increases. There-
fore, fewer photons reach the active sites in CuO
samples. On the other hands, the degradation reaction
may be controlled by the limited active site number
on the catalyst surface, whereas the same amount of
CuO was used at the different initial concentrations.

Er@ @
b SR

H;0,

ﬂ uv

H;0,

Fig. 10. Degradation of MB in the presence of CuO and
H,0, under light irradiation.
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In many researches, H,O, has been employed as a
green additive to enhance the photocatalytic efficiency
of CuO. It mainly acts as the electron acceptor and
can be converted to OH' radical after obtaining the
electron under light radiation (Fig. 10). The electrons
and holes are generated on the copper oxide surface
under light radiation. The H,O,, as an electron accep-
tor, decrease the electron-hole recombination rate by
accepting the electrons from the surface of CuO to
produce OH'. Therefore, the stability of holes increases
in the photocatalytic oxidation of MB. The H,0O, is
converted to OH' radicals under direct decomposition
of H,O, by light which directly oxidize MB at the
same time.

4. Conclusions

In summary, various morphologies of CuO nano-
structures were synthesized through a simple hydro-
thermal method. Study on the structures of the samples
shows that the samples, independent of the precursor
type, were crystallized in monoclinic crystal structure.
The results of the N, adsorption-desorption and the
photoluminescence of samples show that CuO nano-
rods grown with nitrate precursor have the highest
active surface area. The FT-IR results showed that the
concentration of surface OH™ group on the surfaces of
the samples varies considerably according to CuO-
Ac > CuO-Ni > CuO-Su. The nearly similar optical
band gap of the samples could be attributed to the for-
mation of the same phase in all synthesized samples.
The photocatalytic performance of the samples was
verified by MB decolorization under UV and visible
light. According to the results, the CuO fabricated with
copper nitrate showed the highest photocatalytic activ-
ity in the presence of H,O, activator. The better photo-
catalytic performance of the CuO-Ni nanorods was
assigned to its highest active surface area and consider-
able surface OH™ groups. Concerning that the H,O,
and CuO are readily available and have no harmful
side effects on photocatalytic performance, the CuO-Ni
nanorods can be introduced as a photocatalytic decom-
poser of organic pollutants using solar irradiation.
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