Ceramics International 46 (2020) 9446-9454

Contents lists available at ScienceDirect

CERAMIC“S“

INTERNATIONAL

Ceramics International

journal homepage: www.elsevier.com/locate/ceramint

Check for
updates

Connecting theory with experiment to understand the photocatalytic
activity of CuO-ZnO heterostructure

M.C. Oliveira™*, V.S. Fonseca”, N.F. Andrade Neto®, R.A.P. Ribeiro”, E. Longo”, S.R. de Lazaro°,
F.V. Motta®, M.R.D. Bomio?®

#LSQM - Laboratory of Chemical Synthesis of Materials, Department of Materials Engineering, Federal University of Rio Grande Do Norte, P.O. Box 1524, 59078-900,
Natal, RN, Bragzil

b CDMF-LIEC, UFSCar, P.O. Box 676, 13565-905, Sdo Carlos, SP, Brazil

¢ Department of Chemistry, Universidade Estadual de Ponta Grossa, Av. General Carlos Cavalcanti, P.O. Box 4748, 84030-900, Ponta Grossa, PR, Brazil

ARTICLE INFO ABSTRACT

Keywords: Semiconductor based photocatalysis attracts wide attention because of its ability to directly utilize solar energy
n-ZnO/p-CuO heterostructure to degrade pollutants and convert energy, with heterojunction photocatalysts being good candidates for superior
DFT activity due to the spatial separation of photogenerated electron-hole pairs. Herein, CuO/ZnO heterostructures
Photocatalysis were successfully synthesized by a microwave-assisted hydrothermal method, with the structure, electronic and
Methylene blue dye photocatalytic properties analyzed by means of experimental and theoretical methods. The X-ray diffraction
patterns revealed that a CuO/ZnO heterostructure was formed, while FE-SEM analysis indicates the role of
different morphologies for CuO, ZnO and CuO/ZnO heterostructures. The solar-driven photocatalytic mea-
surements combined with DFT calculations indicate that CuO, as a p-type and narrow band-gap sensitizer, can
make the n-type ZnO respond to visible light and promote the separation of photogenerated charge carriers by
building a p-n heterogeneous structure. As a result, the CuO/ZnO heterostructure shows good promise for solar-

driven photodegradation.

1. Introduction

Binary metal oxide semiconductors have been extensively used as
sensors, catalysts, adsorbents, piezoelectric devices, conductor mate-
rials, fuel cells, solar cells [1-11], etc. Among various metal oxide
semiconductors, researchers have paid more attention to CuO/ZnO
heterojunction due to their interesting properties such as natural p-n
characteristics, high sensitivity to humidity changes, the fast dynamic
response, and broad light absorption [8,12-14].

In view of photocatalytic applications, Zinc-Copper composite
shows excellent performance in photocatalytic degradation of organic
dyes such as methylene blue [15]. Methylene blue (MB) is a color ca-
tionic used as a traditional dye for painting cotton, wool, and silk
[16-21]. Coupled semiconductor materials have two types of energy
levels which play an important role in achieving charge separation.
Coupling different semiconductor oxides can reduce the band gap, ex-
tending the absorbance range to a visible region which leads to elec-
tron-hole pair separation under irradiation and consequently achieving
superior photocatalytic activity [22,23]. Recently, ZnO has been
blended with various other metal oxides such as; TiO,, SnO,, MgO,

* Corresponding author.
E-mail address: marisa-coliveira@hotmail.com (M.C. Oliveira).

https://doi.org/10.1016/j.ceramint.2019.12.205

CuO, Cu,0, etc. [24-28], displaying higher degradation of organic
pollutants [29].

Zinc oxide (ZnO) is a typical n-type metal oxide semiconductor with
a band gap of 3.37 eV, showing a high specific energy density, as well as
superior electrical, piezoelectric and optoelectronic properties [30-35].
ZnO-based nanocomposites have exhibited enhanced photocatalytic
properties which partly result from the different crystallites or elec-
tronic coupling between ZnO and the other phase of the composite.
Copper Oxide (CuO), a narrow band gap of 1.2 eV [36] and p-type
semiconductor which enables wide application in photocatalytic and
solar cells, as well as in electrochemical, field emission and catalysis
applications [37-39] has been selected to fabricate CuO/ZnO p-n het-
erojunction by a facile method of synthesis called Microwave-Assisted
Hydrothermal (MAH) [39-43].

Based on the above considerations, in this work we report a com-
bined theoretical and experimental investigation of CuO/ZnO hetero-
junctions as a promising material in photocatalytic activity in which we
seek to fulfill a four-fold objective. The first is to report the novel
synthesis of pure and surfactant-assisted (ethylenediamine, EDA,
CoH4(NH,),) CuO and posteriorly to synthesize the ZnO through the
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Pechini method, and finally obtain a CuO/ZnO heterostructure by
employing the MAH technique. This synthesis method has received
special attention due to its various advantages including normal at-
mospheric pressure reacting, short reaction time, rapid heating, low
reaction temperature, homogeneous thermal transmission, and phase
purity with a better yield [44-46]. Secondly, X-ray diffraction (XRD),
ultraviolet and visible (UV-Vis) absorption spectroscopy in combination
with field-emission scanning electron microscopy (FE-SEM) and Riet-
veld refinements were employed to characterize the samples and de-
termine the effect of their chemical composition on the photocatalytic
degradation of MB. The third aim is to investigate the geometry, elec-
tronic and vibrational properties of ZnO and CuO materials using the
Density Functional Theory (DFT). Lastly, the fourth objective is to apply
a joint experimental and theoretical strategy to obtain an explanatory
mechanism for the photocatalytic p-n heterojunction. Based on these
results, we provide additional insights about the superior solar-driven
photocatalytic activity for the degradation of MB using CuO/ZnO het-
erostructure. We believe that these novel results are of significant re-
levance since they may inspire efficient synthesis of these and other
related metal oxide semiconductors and provide critical information to
expand our fundamental understanding of photocatalytic activity.

2. Experimental and computational details
2.1. Materials

Copper(II) nitrate hydrate, (Cu(NO3)5.2.5H,0, 98%, Alfa Aesar),
potassium hydroxide, (KOH, 99%, Synth), ethylenediamine, (EDA,
CoH4(NHy),, 99%, Vetec), zinc nitrate hexahydrate, (Zn(NO3)2.6H20,
98%, Sigma Aldrich), ethyleneglycol, (EG, CoHgO», 99%, Synth), and
citric acid (C¢HgO7, 99.5%, Synth) were used to prepare the p-CuO/n-
ZnO heterostructure.

2.2. Preparation of p-CuO/n-ZnO heterostructure

First, CuO nanoparticles were synthesized by the MAH method. To
do this, 2.2 g of copper nitrate was kept under magnetic stirring in
80 mL of deionized water. After complete homogenization, KOH was
added to set the reaction pH to 10. The solution was then placed in a
Teflon reactor and inserted into the autoclave where it was heated to
140 °C and remained for 30 min. After this period, the supernatant was
washed with deionized water and centrifuged to remove residual ions
and neutralize the pH. The precipitated material was then dried at
100 °C for 24 h. Synthesis using EDA surfactant occurred similarly,
where 3 mL EDA was added before KOH.

Zinc oxide (ZnO) particles were obtained by the Pechini method. To
do this, 13.83 g of C¢gHgO, was dissolved in 60 mL of deionized water
and kept under magnetic stirring at 70 °C. After 10 min, 7.13 g zinc
nitrate was added and stirred for a further 10 min. Next, 8.28 mL of EG
was added to obtain a resin. The resin was pre-calcinated in a furnace,
and remained for 2 h under 350 °C. After this, the material was ma-
cerated and calcined at 700 °C for 2 h.

The heterostructure was obtained similarly to CuO powders with
EDA, for which 2.2 g of copper nitrate, 0.5 g of ZnO powders and 3 mL
of EDA was kept under magnetic stirring in 80 mL of deionized water.
KOH was added to set the reaction pH to 10 and the solution was then
placed in a Teflon reactor in the autoclave where it was heated to
140 °C and remained for 30 min. The supernatant was washed, cen-
trifuged and dried for 24 h under 100 °C.

2.3. Characterization

X-ray powder diffraction (XRD) was employed to determine the
phase composition and crystal structure of the as-synthesized CuO/ZnO
heterostructure. The measurements were carried out using a Shimadzu
XRD-6000 diffractometer, scanning from 20 to 80° at a speed of 1°/min
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and 0.02° step using CuKa radiation (1.5418 A). The morphology was
observed using field emission scanning electron microscopy (FE-SEM —
Supra 35 Zeiss) and the chemical mapping was performed on a ZEISS
SmartEDX. The band-gap (Eg,,) of metal oxides were estimated by ul-
traviolet-visible (UV-Vis) absorption spectra of the annealed samples
which were obtained in total diffuse reflectance mode using a Shimadzu
Spectrophotometer UV-2550. The Eg,, region was determined applying
the Wood and Tauc function [47]. All measurements were performed at
room temperature.

2.4. Photocatalytic activity

The photocatalytic activity was estimated against methylene blue
(MB) dye at pH 5. To do this, 0.05 g of the material was placed in
contact with 50 mL of the MB aqueous solution (cationic, 10> mol L ™!
concentration) and kept under stirring for 120 min to eliminate the
adsorbent effects. After this time, the solutions were exposed to sunlight
(initially at 10 o'clock a.m., with the highest solar incidence of IUV 10)
for 80 min. The temperature of the solutions was monitored throughout
the test, remaining at around 27 °C and an aliquot of 2 mL was taken
every 20 min and placed in a Shimadzu UV-2600 spectrophotometer for
analysis of the absorbance band. The photocatalytic activity was then
determined by comparing the aliquot absorption bands with the initial
band. All weather data were collected from the Instituto Nacional de
Pesquisas Espaciais (INPE).

2.5. Computational details

Density functional theory (DFT) calculations for both p-CuO and n-
ZnO oxides were performed within the linear combination of atomic
orbitals approach, as implemented in the CRYSTAL17 code [48]. Cu, Zn
and O atoms were described by the atom-centered all-electron 86-
411d41G, 86-411d31G8-411d1GGaussian basis set, respectively
[49-51]. Despite the common semiconductor behavior observed for n-
ZnO, tenorite p-CuO behaves as a Mott insulator, constituting a chal-
lenging topic regarding the representation of its electronic structure by
first-principle methods [52,53]. Therefore, the hybrid BIWC functional
method was employed in all calculations for treating the exchange and
correlation effects, as based on previous theoretical calculations where
the referred functional method shows the best performance along a set
of exchange-correlation treatments for the strongly-correlated CeO, and
Ce,03 materials [54,55]. Thus, analyses of the electronic properties in
terms of Density of States (DOS) and Band Structure profiles was carried
out.

Electronic integration was performed using a dense 8 X 8 X 8
Monkhorst-Pack [56] k-mesh for the pristine and defective cells, con-
taining 150 and 50 k-points for p-CuO and n-ZnO, respectively. The
accuracy of the Coulomb and exchange integral calculations were
controlled by five thresholds set to 8, 8, 8, 8, and 16. The convergence
criterion for mono- and bi-electronic integrals were set to 108 Ha,
while the root-mean-square (RMS) gradient, RMS displacement, max-
imum gradient, and maximum displacement were set to 3 X 107>,
1.2 X 107% 4.5 x 107>, and 1.8 x 10~ “a.u., respectively. Both lattice
parameters and atomic positions were relaxed in all cases.

The vibrational frequencies were obtained at the I point in order to
verify that all investigated geometries correspond to stationary points
in the potential energy surface. In this case, the harmonic approxima-
tion was implemented computing the dynamic matrix by the numerical
evaluation of the first derivative of analytical atomic gradients [48].

3. Results and discussion

The crystallographic structures of all synthesized CuO (pure and
3 mL EDA) and ZnO structures and the p-CuO/n-ZnO heterostructure
were characterized by powder X-ray diffraction, and are shown in
Fig. 1.
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Fig. 1. XRD pattern of copper oxide (CuO) samples, ZnO nanostructure and
CuO/ZnO heterostrucure prepared by the MAH method.

Fig. 1 shows XRD spectra of the CuO, ZnO pure structures and the
CuO/ZnO heterostructure. The diffraction peaks of CuO were in
agreement with the reference pattern of monoclinic structure (ICSD N°
69759) [57-59]. The crystal phase of ZnO particles was determined as a
hexagonal wurtzite structure which can be indexed on the basis of ICSD
No. 65119 [14,60]. The hexagonal wurtzite structure can be identified
for the (100), (002), (101), (102), (110), (103), (200), (112), (201),
(004) and (202) planes, as illustrated in Fig. 1. The observed diffraction
peaks for both samples are well-defined, revealing that the powders had
good crystallinity.

It is important to point out here that the addition of ethylenedia-
mine (EDA) as a surfactant to copper oxide synthesis had the objective
of influencing the dispersion, size control and final nanoparticle mor-
phology. FE-SEM micrographs of the nanostructure CuO pure and EDA
synthesized by MAH at 140 °C for 30 min are shown in Fig. 2(a-b),
while ZnO and CuO/ZnO heterostructure morphologies are presented in
Fig. 2¢-d.

Fig. 2a showed a large quantity of CuO plates with an agglomerated
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and polydispersed nature, constituting the leaf-like nanopatches in
morphology. Similar results were reported by other authors, showing
that sea urchin-like morphology is a generic feature of CuO growth
under MAH conditions [57]. Moreover, as appointed by L. Xu et al.
[61], CuO with different morphologies have been successfully synthe-
sized through different methods such as nanoellipsoids, nanoribbons,
nanorods, nanotubes, nanorings, nanosphere, nanocages, hollow mi-
crosphere, microflower, aligned nanowires, and dandelion. Fig. 2b in-
dicates the morphology of the sample after the incorporation of EDA
(3%) into CuO showed an apparently modified architecture, exhibiting
an increase in crystallite size from 21.51 nm to 59.91 nm, as obtained
by using the Scherrer equation [62] according to the broadening dif-
fraction peak in the XRD. Furthermore, the final morphology formation
can be described as a fusion of CuO planes during the crystal growth
process. In the sample with the addition of 3 mL of EDA, a nanoflower
morphology growth occurred via a non-oriented attachment, which
resulted in obtaining a greater number of agglomerated plates in rela-
tion to pure plates.

Fig. 2c additionally indicates that ZnO particles were formed
showing a non-uniform and irregular shape. Compared to pure (irre-
gular plates) and EDA-assisted (flowers) CuO, as well as for ZnO (ir-
regularly shaped and non-uniform), the final morphology of the CuO/
ZnO heterostructure is composed of flower-like nanostructures and
some non-uniform and irregular shapes growing on the structures, as
presented in Fig. 2d.

Mapping the distribution of the atoms for the formation of the CuO/
ZnO heterostructure can be illustrated, as shown in Fig. 3a-c, where it is
possible to observe the regions of interfacial contact between the two
oxides in the formation of the CuO/ZnO heterostructure. This fact is in
accordance with Taraka et al. [63], in which the CuO/ZnO hetero-
structure is confirmed by the interface between ZnO and CuO particles
through the corresponding (111) plane of CuO, along with the (101)
plane of ZnO. Therefore, such evidence clearly reveals the fused geo-
metry in the CuO/ZnO heterojunction nanostructure.

Let us now briefly analyze and discuss the electronic structure of a
synthesized CuO pure structure with 3 mL EDA, a ZnO pure structure
and a CuO/ZnO heterostructure. To do this, Fig. 4 shows the UV-Vis
spectra of the mentioned materials which can help in determining the
Eg.p values.

Fig. 4 shows the absorption curves obtained by the proposed Ku-
belka-Munk [64] method and their corresponding Eg., energies

Fig. 2. FE-SEM micrographs: (a) CuO pure, (b) CuO with 3 mL of EDA, (¢) ZnO pure nanostructure and (d) CuO/ZnO heterostructure.
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Fig. 3. Area and chemical mapping for the CuO with 3 mL of EDA and ZnO oxides of the heterostrucure. In the mapping, (a) oxygen is represented in red, (b) copper

is represented in blue and (c) zinc is represented in yellow.
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Fig. 4. UV-Vis spectra of representative CuO, ZnO and CuO/ZnO bandgap
analyses.

obtained by the Wood and Tauc methodology using the direct permis-
sible transition. In this case, it was observed that ZnO only shows ab-
sorption in the ultraviolet region, while CuO shows absorption
throughout the visible spectrum, as well as for the CuO/ZnO hetero-
structure. The Eg,, values were calculated as 1.51 eV for CuO and
3.25 eV for ZnO. Two characteristic transitions were observed in the
CuO/ZnO heterostructure, with the smallest corresponding to an Eg,,
value of 1.50 eV. These values showed good agreement with previous
reported experimental results [65-67].

The photocatalytic activity of the CuO, ZnO and CuO/ZnO hetero-
structures were evaluated by examining the photo-assisted degradation
of MB dyes under sunlight radiation for 80 min, and are shown in
Fig. 5a. The powders are maintained in contact with the MB dye for
120 min before the photocatalytic test to eliminate the adsorptive ef-
fects. The first order kinetic constant was estimated using the linear-
ization of concentration curves for a better measurement of photo-
catalytic activity, as shown in Fig. 5b [68].
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It can be observed in Fig. 5a that only the CuO/ZnO heterostructure
completely reduces the MB concentration after 80 min, while the bare
samples reduce the MB concentration by 93% and 24% for ZnO and
CuO, respectively. From the linearization data, kinetic constants k of
0.0031, 0.0258, 0.0573 and 0.0006 min ~ ! were obtained for CuO, ZnO,
CuO-ZnO and photolysis samples, respectively. Thus, the formation of
the CuO-ZnO heterostructure more than doubles the catalytic efficiency
of ZnO. As previously discussed, ZnO powders have an Eg,, of 3.25 eV,
while CuO powders have 1.51 eV. Thus, the energy required for ex-
citation of the electron from valence to conduction band is much lower
for CuO. One of the main factors which determines the photocatalytic
efficiency of semiconductor materials is preventing the recombination
of photogenerated pairs (e~ /h*) during the process, so that they act to
produce species with high oxidative capacity of organic molecules. The
lower Eg,, for CuO enables a favored recombination for the photo-
generated e~ /h* pairs during the catalytic process, while ZnO has a
higher energy barrier.

On the other hand, the formation of the CuO/ZnO heterostructure
acts with CuO (p-type) capturing the solar radiation and its excited
electrons migrate to the ZnO (n-type) conduction band, performing
reduction reactions and generating superoxide species [69]. Moreover,
the electron decay from the ZnO conduction band to the CuO valence
band is difficult, allowing the holes present in it to act in generating
oxidation reactions, which in turn promote the formation of ®OH and
H,0, species with high degradation capacity of organic pollutants [70].
Thus, the heterojunction formed by the CuO and ZnO particles acts to
prevent recombination of photo-generated pairs, allowing a superior
generation rate of oxidative species.

In order to clarify the role of different photo-induced mechanism
(photocatalysis and photolysis), the change in optical absorption
spectra of MB dye photodegradation in the presence of a CuO/ZnO
heterostructure under sunlight radiation for different time intervals
were investigated, as shown in Fig. 6(a-d).

In Fig. 6 (a-c¢) it can be seen that the disappearance of the band at
664 nm indicates that MB has been photodegraded within 80 min and
the corresponding C/C, values were reached at zero, which clearly
indicates the complete degradation of dye solution in the presence of
CuO, ZnO and CuO/ZnO heterostructure. On the other hand, in Fig. 6d
it was noted that the optical absorption spectra of MB dye remains
unchanged in the absence of investigated semiconductors, indicating
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Fig. 5. (a) Plot of (Ct/Cp) as a function of irradiation time for MB degradation under sunlight and (b) linearization of Ct/Cy curves for the kinetic constant (k)

determination.

that the photolysis does not contribute to the overall MB photo-
degradation.

Theoretical calculations based on quantum mechanics were carried
out in order to characterize and support a new interpretation of pho-
tocatalytic mechanism of the degradation of MB under visible-light ir-
radiation in aiming to gain a deeper insight about the superior photo-
catalytic properties of theCuO/ZnO heterostructure.

3.1. DFT calculations

The optimized unit cells depicted in Fig. 7 were evaluated regarding
the structural parameters and the building clusters in order to evaluate
the crystalline structure for both p-CuO and n-ZnO oxides.

The optimized lattice parameters for wurtzite n-ZnO were
a=b=23231Aandc = 5172 A (V = 46.75 A%), while the [ZnO.,]
clusters were obtained as a distorted tetrahedral center with three short
Zn-O bonds of 1.963 A and one larger of 1.973 A, being in good
agreement with previous theoretical and experimental results [71-73].
On the other hand, the optimized lattice parameters for the monoclinic
p-CuO were found to be a 4429 A, b 3.701 A and
c=5.157A (V=284.34 12\3), while the 3 value was obtained as 93.86°,
being in reasonable agreement with experimental results and previous
theoretical calculations [53,74]. In addition, a slight distortion along
the square-planar arrangement was observed for the [CuO4] cluster
resulting in two distinct Cu-O bonds of 1.936 and 1.940 A, corre-
sponding to short and long paths, respectively. Raman frequencies were
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Fig. 6. Photodegradation of (a) CuO, (b) ZnO, (c) CuO/ZnO hetereostrucutre and (d) photolysis for different exposure times under sunlight radiation.
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in both cases.

calculated and compared to previous theoretical [71] and experimental
[75,76] results (Supplementary Information — Table S1) in order to
verify the accuracy of the DFT/B1WC description for both p-CuO and n-
ZnO oxides, evidencing a remarkable agreement which validates the
optimized model.

Table S1

The electronic structure of both p-CuO and n-ZnO oxides are pre-
sented in Fig. 8. For the p-type CuO oxide (Fig. 8a), the DOS profiles
indicate that the valence band is composed by O (2p) states hybridized
with Cu (3d) orbitals, with the valence band maximum (VBM) being
composed by half-filled 3d,? forming Cu-O bond paths along the c-axis.
On the other hand, the conduction band was calculated to mainly be
composed by the empty states from Cu (3d). Indeed, the conduction
band minimum (CBM) shows a well-localized state corresponding to the
empty 3d,? orbital hybridized with O (2p). In this case, the band-gap
was calculated as 1.30 eV, being an indirect electronic excitation
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Fig. 8. Band Structure profiles and atom-resolved Density of States for (a) p-
CuO and (b) n-ZnO materials. The Fermi level was set to zero in all cases.

involving the O (2p) electrons located at M point to the empty Cu 3d,>
orbital localized between the Z-M k-points. The obtained band-gap
value here was found to be in agreement with the experimental mea-
sures (1.51 eV — Fig. 4.). Previous theoretical studies carried out for
tenorite p-CuO present band-gap values in the range of 1.5-3.0 eV,
depending on the exchange-correlation treatment used in the theore-
tical calculations due to the challenging behavior of strongly correlated
materials [53]. Thus, the electronic structure calculated for p-CuO in-
dicates that hybrid BIWC can be used to simulate strongly correlated
oxides, confirming the previous prediction for CeO, and Ce,O3 [54,55].

The DOS profiles for n-ZnO (Fig. 8b) indicate that the valence band
is composed by O (2p) states hybridized with Zn; on the other hand, the
conduction band was calculated to be mainly composed by the empty
states from Zn. The calculated band-gap values in this case were
2.75 eV, which is in agreement with experimental results reported in
this work (3.25 eV - Fig. 4) and other theoretical studies [71].

In aiming to disclose the superior photocatalytic behavior of CuO/
ZnO heterostructure, we propose a DFT-based theoretical Z-scheme to
schematically represent the band edge alignment of the CuO/ZnO
system, as depicted in Fig. 9, computing the valence and conduction
band edge by High-throughput DFT/B1WC calculations as proposed in
previous theoretical studies for similar heterostructures [77].

Despite the experimental efforts to investigate the electronic struc-
ture of CuO/ZnO heterostructure [78-81], there are no theoretical
studies focused on the description of the electronic aspects associated
with the electronic excitation which generates the electron-hole pair
responsible for the photocatalytic properties. Using a theoretical cal-
culation, Naseri et al. [80] proposed that the mixed Zn; ,Cu,O oxide
shows a reduced band-gap value in comparison to the pristine ZnO,
confirming that the creation of CuO/ZnO heterostructure is suitable due
to the creation of intermediary energy levels in the band-gap region of
ZnO which justify the band alignment. However, additional features
associated with the nature of the excited e’-h® pair remain unclear.

In this work, the electronic excitation is interpreted from the
equation of defects based on the Kroger-Vink notation [82]. In this

OZ\J H202_>.0H

25 __ HemeNeNe]

-3.0 AE,;=0.77 eV t -
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L Ll I '
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Fig. 9. Schematic band edge alignment of the CuO/ZnO heterostructure based
on DFT/B1WC electronic structure calculations. In addition, the proposed me-
chanism of charge transfer under sunlight irradiation as well as the inter-
mediate reactions for radical generation are highlighted.
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nomenclature, the superscript x, ‘and ® index indicates the existence of
neutral, negative and positive charged clusters, respectively. First, the
electrons located on the VB of CuO are excited under sunlight irradia-
tion to the CB, generating an electron-hole pair located on the con-
stituent [CuOy,] clusters, as follows:

[CuO* + hv — [CuO4lcp + [CuOslyp (€8]

However, the band alignment depicted in Fig. 9 enables the pho-
toexcited electrons in the p-type CuO conduction band to be transferred
to the n-type ZnO conduction band. However, the constituent clusters
in the exposed ZnO surfaces exhibit oxygen vacancies originated from
the cleavage process, resulting in the generation of reduced [ZnO,]’
species in the following reaction:

[ZnOs—p...nVolCp + [CuO4lc — [Zn0y_p...nVolcp + [CuOslcy (2)

In the next step, the presence of reduced [ZnO, ]’ species induces the
adsorption of O, to generate H,O, through a reaction channel in which
free electrons are removed from the system. Thus, hydroxyl radicals are
produced from hydrogen peroxide:

[ZnOy_p..nVplep + Oy + 2HY — [Zn0y_yy..nVo S + Hy 0, 3

(€3]

On the other hand, the holes located on the exposed under-
coordinated clusters located at VB of n-type ZnO can be transferred to
p-type CuO VB, where they can react with adsorbed water to generate
additional hydroxyl radicals, following the reaction:

H2 02 — 20H

[CuOy_p..nVplig + [ZnO4_y...nVp]yg = [CUO4_p...nVp ]y

+ [Zn04_p..nVp g )

[CuOs_p..nVplyg + H,O — H + OH )

In this context, the originated hydroxyl radicals can react with the
organic structure of the MB dye in a degradation reaction which gen-
erates CO, and H,O molecules, following:

MB + OH — intermediates - CO, + H,O 7

Therefore, the proposed mechanism (Egs. (1)-(7)) follows previous
experimental evidence based on CuO/ZnO heterostructures and similar
p/n heterojunctions [80,83,84]. Furthermore, the obtained results in-
dicate that as-produced hydroxyl radicals can lead to effective de-
gradation of MB. This fact can be confirmed by the inclusion of addi-
tional H,O, which contributes to the reaction mechanism (Eq. (5)) to
generate additional hydroxyl radicals which in turn accelerates the
degradation of MB, as previously reported in the experimental results.

Therefore, in combining photocatalysis measurements and theore-
tical DFT calculations, the degradation mechanism of MB by CuO/ZnO
heterostructure was accurately disclosed, confirming that the optimized
heterostructure reported in this study can be a good candidate for ef-
fective removal of environmental pollutants.

4. Conclusions

In summary, CuO/ZnO heterostructures were successfully synthe-
sized using a facile microwave-assisted hydrothermal methodology and
its geometry, electronic structure and photocatalytic performance were
analyzed by combining experimental techniques and theoretical cal-
culations. XRD patterns and FE-SEM analysis confirmed the formation
of CuO/ZnO heterostructure showing a mixed architecture based on
simple oxide constituents. When employed as photocatalysts, the as-
synthesized CuO/ZnO heterostructure exhibited excellent activity in the
degradation MB dye under solar radiation. The enhanced photocatalysis
was discussed based on DFT calculations of a Z-scheme to schematically
represent the band edge alignment of the CuO/ZnO system. In this case,
the reduced Eg,, for p-type CuO enhances the solar-driven electron
excitation, while the energy levels of n-type ZnO induces a separation of
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photo-generated charge carriers, resulting in a reduced recombination
rate. Therefore, such carriers combined with the undercoordinated
clusters presented along the CuO and ZnO surfaces can act in generating
radical species which act along the MB dye degradation. Thus, this
study provides new insight into the design and fabrication of highly
efficient p-n junction hetero nanostructures with enhanced photo-
catalytic activity based on the molecular interpretation of the main
fingerprints associated with the photo-induced mechanism.
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