
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

9 
M

ar
ch

 2
02

2.
 D

ow
nl

oa
de

d 
on

 1
1/

16
/2

02
5 

2:
54

:2
5 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Photocatalytic p
aCentro de Investigación en Materiales Avan
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Metalúrgica 1062, Parque Industrial Ramos
dRed de Estudios Moleculares Avanzados, In

a Coatepec 351, El Haya, 91073 Xalapa, Ver

inecol.mx; conipariona@gmail.com

Cite this: RSC Adv., 2022, 12, 9898

Received 9th February 2022
Accepted 16th March 2022

DOI: 10.1039/d2ra00863g

rsc.li/rsc-advances

9898 | RSC Adv., 2022, 12, 9898–99
roperties of Cu-containing ZnO
nanoparticles and their antifungal activity against
agriculture-pathogenic fungus

F. Paraguay-Delgado,*a L. A. Hermida-Montero,a J. E. Morales-Mendoza,a Z. Durán-
Barradas,b Arturo I. Mtz-Enriquezc and Nicolaza Pariona *d

In this work, nanoparticles (NPs) of ZnO, ZnO with Cu incorporated at 2 and 30 wt%, and CuO were

prepared by the hydrothermal method. X-ray diffraction pattern (DRX) analysis showed that ZnO with

high Cu incorporation (30 wt%) generates the formation of a composite oxide (ZnO/CuO), while X-ray

photoelectron spectroscopy (XPS) of the Cu (2 wt%) sample indicated that Cu is incorporated as

a dopant (ZnO/Cu2%). The samples with Cu incorporated had enhanced visible light absorption. Methyl

orange (MO) dye was used to perform photocatalytic tests under UV radiation. The antifungal activity of

the NPs was tested against four agricultural phytopathogenic fungi: Neofusicoccum arbuti, Alternaria

alternata, Fusarium solani, and Colletotrichum gloeosporioides. The ZnO/Cu2% nanoparticles showed

adequate photocatalytic and high antifungal activity in comparison to pure oxides and the composite

sample.
1. Introduction

Nanosized doped semiconductor oxides (SO) have shown
improved biocidal and photocatalytic properties. They have
been applied as antifungal agents,1 antibacterial agents,2 anti-
virals in agriculture,3 and photocatalysts for wastewater treat-
ment.4 To improve these properties, SO are typically doped with
transition metals (Mn, Fe, Cr, Cu),5 rare earth elements (Ce and
Er),6 and noble metals (Au, Ag, Pt7). Another way to improve
their antimicrobial and photocatalytic properties is by gener-
ating composite materials. One of the most used SO is ZnO, due
to its attractive and unique characteristics such as wide
bandgap, high exciton binding energy, low toxicity, variety of
morphologies, and low cost.8 The tunable properties of ZnO are
related to its morphology, particle size, surface area, and
structural defects. Doped or composite SO are typically obtained
by sol–gel, precipitation, and hydrothermal methods. The latter
is adequate to obtain well-dened morphologies for particles
with micro- and nanometric sizes. For several years, two-
dimensional ZnO particles have been attracting attention due
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to their physical and chemical properties.9 The use of Cu as
a dopant generates many changes in ZnO such as: (i) lattice
distortion and morphological changes,10 (ii) improvement in
photocatalytic activity in comparison with pure ZnO,11 (iii)
increased energy conversion efficiency,12 (iv) improvements in
the visible light absorption range,13 and (v) narrowing of the
bandgap value.14 Cupric oxide is a widely used material in many
applications due to its p-type character, narrow bandgap (1.2
eV), and visible light absorption.15 Many techniques are used to
obtain CuO with different particle sizes and morphologies.16

Also, the incorporation of Cu2+ ions in excess into ZnO gener-
ates the formation of the CuO phase, giving ZnO/CuO
composites. The formation of heterojunctions in ZnO–CuO
has been shown to result in improved photocatalytic activity
compared to those of pure ZnO or CuO.17 Additionally, SO
nanoparticles have attracted interest as novel antifungal agents
that can be applied to treat agricultural plants with high
economic value.18–25

Wastewater treatment is a current concern due to its high
potential to contaminate the environment. Additionally, it has
a great economic impact, especially on developing countries.26

Processes in the textile industry consume very large amounts of
water in and thus produce wastewater. Textile effluents may
contain residues such as starch, waxes, NaOH, oils, metals,
organic solvents, and dyes, depending on the process.27 Among
all processes, the dyeing process has the greatest water
consumption, meaning that a large amount of the produced
wastewater is loaded with organic dyes.28 These dyes can be
degraded into less-toxic or non-toxic compounds using
advanced oxidation processes28 such as photocatalytic
© 2022 The Author(s). Published by the Royal Society of Chemistry
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degradation. Additionally, fungal infections of crops are one of
the main problems in agriculture.29

Phytopathogenic fungi have caused signicant reductions in
crop production, and some have caused epidemics. For
example, the potato late blight was caused by Phytophthora
infestans; this fungus triggered the Irish Great Famine in the
1840s.30 Hardwood trees can be affected by pathogenic fungi,
which can reduce crop yield. For example, Fusarium dieback,
a vascular disease caused by Fusarium spp. and other associated
fungal species, affects avocado trees and ornamental trees.31,32

Depending on the fungus and plant species, fungi can affect
different parts of the plant, including roots, fruits, stems, and
leaves. One species of phytopathogenic fungus is Fusarium sol-
ani, which is found in soil and can infect a wide variety of crops
(such as tomato, cotton, and potatoes) and can be transmitted
to humans as well.33 As a soil-borne pathogen, the main target
of F. solani is the roots of the plant, from which it propagates
systemically and causes the death of the plant. Likewise, Alter-
naria alternata,34 Neofusicoccum arbuti,35 and Colletotrichum
gloeosporioides36 are pathogenic fungi that affect various crops,
for example, avocado trees. The used organic azole fungicides
have lowered efficiency due to the development of antifungal
resistance.37 Therefore, semiconductor oxide NPs could offer
a novel alternative thatmakes antifungal resistance harder. ZnO
and CuO have shown great antifungal activity against a variety
of phytopathogenic fungi. Some studies have reported selec-
tivity in the antifungal effect of NPs depending on their chem-
ical composition,38 while others show improved effects using
doped or composite materials. The photocatalytic activity of
these materials adds an antimicrobial effect in addition to the
intrinsic effects shown by the material. This work compares the
photocatalytic properties and the antifungal activity of three
NPs, namely, ZnO, copper-doped ZnO, and ZnO/CuO compos-
ites. Their photocatalytic degradation of MO was evaluated
under ultraviolet (UV) radiation, and their antifungal activity
was tested against Neofosicocum arbuti, Alternaria alternata,
Fusarium solani, and Colletotrichum gloeosporioides.
2. Experimental
2.1. Synthesis

All chemicals were of analytical grade and were used without
further purication. The NPs were prepared following a hydro-
thermal method.1 Zinc acetate dihydrate (Zn(CH3COO)2$2H2O)
and copper acetate monohydrate (Cu(CH3COO)2$H2O) were
used as the zinc and copper precursors, respectively. First,
1.09 g of different proportions of the Cu : Zn precursor salts
(0 : 100, 2 : 80, 70 : 30, and 100 : 0 wt%) and potassium
hydroxide (0.84 g) were dissolved in 15 mL of tri-distilled water.
Then, under constant stirring, 15 mL of ethanol (EtOH) was
added dropwise at room temperature. Next, the resulting solu-
tion was transferred to a Teon vial and placed inside a stain-
less-steel autoclave for heat treatment at 160 �C for 16 h. Aer
this time, the NPs were washed three times with distilled water
and dried at 90 �C for 4 h. The obtained NPs were named ZnO,
ZnO/Cu2%, ZnO/Cu, and CuO based on the proportion of
© 2022 The Author(s). Published by the Royal Society of Chemistry
Cu : Zn precursor salts (0 : 100, 2 : 80, 70 : 30, and 100 : 0 wt%),
respectively.

2.2. Characterization

The structural characterization of synthesized samples was
done using XRD. The patterns were acquired using a PAN-
alytical X'pert PRO diffractometer (Cu Ka (l ¼ 0.15406 nm)) in
the Bragg–Brentano (q–2q) conguration; data was collected
between 30� and 70� with a step size of 0.03� s�1. The patterns
were rened using Thompson–Cox–Hastings for the samples,
but in the case of the composite sample, a pseudo-Voigt func-
tion shape was used for the intensities; the Fullprof Suite
program39 was used for Rietveld renement. The particle
morphology was studied using scanning electron microscopy
(SEM). The images were acquired at different magnications,
operating at 5 kV and collecting electrons using a low electron
image (LEI) detector. The microstructure characterization and
elemental composition mapping images of the samples were
obtained using a Hitachi 7700 TEM microscope. The particles
were dispersed in ethanol by sonication for 5 min, and one drop
of this suspension was placed on a 300-mesh lacey carbon-
coated copper grid to study the ZnO sample, while a lacy
carbon-coated nickel grid was used for the samples containing
Cu. The absorbance spectra were acquired using a PerkinElmer
Lambda10 spectrometer in the range between 200 and 1000 nm.
Tauc plot methodology was used to determine the bandgap
energy from the diffuse reectance spectra using the Kubelka–
Munk theory. The bandgap value was obtained by extrapolating
the linear zone to the energy axis using the procedure outlined
by Makuła et al.40 X-ray photoelectron spectroscopy (XPS) was
carried out to determine the elemental composition and valence
states of elements. An XSAM-HS KRATOS spectrometer was
used and calibrated with the C 1s peak (BE ¼ 284.6 eV) as
a reference. Survey scans were used to detect the elemental
contents of all the samples. High-resolution XPS spectra were
acquired to analyze the O 1s, Zn 2p, and Cu 2p regions. Core and
Auger region analyses were made using CasaXPS soware
employing LF lineshape, U2 Tougaard background, and the
Levenberg–Marquardt method.

2.3. Photocatalytic activity

The photocatalytic properties of the samples were evaluated
through the photodegradation of MO. Firstly, we formed
a homogeneous coating layer of NPs inside a 60 mm glass Petri
dish by adding 2 mL of an NP suspension (50 mg), aer which
the water was evaporated at 60 �C. To measure the photo-
catalytic activity, 5 mL of MO dye dilution (10 mg L�1) was
poured into each coated Petri dish and irradiated with a UV
lamp (315–400 nm). All samples were placed at the same
distance from each lamp. The degradation process was evalu-
ated at xed time intervals; each time, 3 mL of MO dye dilution
was withdrawn from each Petri dish, and the absorbance was
measured at wavelengths between 300 nm and 600 nm using an
Evolution 220 Thermo spectrophotometer. Aer measuring the
tested sample, it was returned to the Petri dish and the exper-
iment was continued. Each sample was tested in duplicate and
RSC Adv., 2022, 12, 9898–9908 | 9899
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the degradation percentage was determined using the following
equation:

Degradation % ¼ 100�
�
Ct

C0

� 100

�

where Ct is the concentration of MO treated with NPs and C0 is
the initial concentration of MO.
2.4. Antifungal activity

The antifungal activity was evaluated at three concentrations
(0.5, 0.75, and 1 mg mL�1) against Neofusicoccum arbuti (strain
INECOL_CBF-111), Alternaria alternata (strain INECOL_CBF-
143), Fusarium solani (strain INECOL_CBF-171), and Colleto-
trichum gloeosporioides (strain INECOL_CBF-464) using the
poisoned food technique. Those four phytopathogenic fungi
were kindly provided by the laboratory of Biological Control of
the Institute of Ecology A.C. Xalapa, Veracruz, Mexico. To
determine the inhibition of themycelial growth of the fungi, the
fungal samples were incubated in potato dextrose agar (PDA)
mixed with NPs. Mycelial plugs of 5 mm (cut from the periphery
of 9-day-old fungus) were placed at the center of Petri plates
containing different concentrations of NPs and then incubated
for 9 days at 28 �C. There were four replicates for each treat-
ment. Aer 9 days of incubation, the fungal growth area was
measured, and the inhibition percentage was calculated with
the following equation:
Fig. 1 (a) XRD patterns and (b) Rietveld refinements for the ZnO, ZnO/C

9900 | RSC Adv., 2022, 12, 9898–9908
Inhibition % ¼ 100�
�
GA

GA0

� 100

�

where GA is the growth area of the fungi treated with NPs and
GA0 is the growth area of the control.
3. Results and discussion
3.1. Structure characterization

The XRD patterns and Rietveld renements of the samples are
shown in Fig. 1. The patterns present good crystallinity with
sharp intensity. The ZnO and ZnO/Cu2% NPs patterns were
indexed to JCPDS card no. 00-036-1451 (wurtzite-type hexagonal
system for ZnO). The XRD pattern of the ZnO/CuO NPs was
indexed to ZnO and CuO (JCPDS card no. 00-048-1548). The
Rietveld rened method determined contents of 60 and 40 wt%
for ZnO and CuO, respectively (Table 1). In the case of the CuO
NPs, the XRD pattern was indexed to JCPDS card no. 00-048-
1548. Fig. 1b shows the rened patterns for the NPs. The cell
parameters for the ZnO/Cu2% NPs are smaller than those of the
pure ZnO NPs, which indicates a distortion of the ZnO cell due
to the substitution of Zn atoms by Cu atoms. The rened cell
parameters of the samples are reported in Table 1.

The particle morphology was studied using SEM. The images
were acquired by secondary electrons at 40 kX magnication,
see Fig. 2. The ZnO NP morphologies are shown in Fig. 2a; well-
dened and homogenous lamellar particles can be seen with an
average diameter and thickness of 300 and 50 nm, respectively.
u2%, ZnO/CuO, and CuO NPs.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 1 XRD Rietveld refinement results, including the refinement precision value c2, phases, and unit cell parameter values (Å)

Sample c2

Phase % ZnO (hexagonal) CuO (monoclinic) Cell vol.

ZnO CuO a ¼ b c a b c ZnO CuO

ZnO 2.9 100 0 3.251 5.208 47.7
ZnO/Cu2% 6.9 100 0 3.251 5.207 47.7
ZnO/CuO 5.2 60 40 3.248 5.202 4.690 3.415 5.128 47.5 81
CuO 2.4 0 100 4.681 3.423 5.128 81

Fig. 2 Particle morphology in SEM images for (a) ZnO, (b) ZnO/Cu2%, (c) ZnO/CuO, and (d) CuO NPs.
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As shown in Fig. 2b, the doping did not modify the shape or size
of the NPs. For the ZnO/CuO NPs, two kinds of particle
morphology were observed (Fig. 2c), which means that two
phases coexist (as revealed by XRD, Fig. 2a). The ZnO NPs
exhibit a lamellar shape, but the CuO NPs have an elongated
lamellar shape with 90� angles and different widths (Fig. 2d).

Fig. 3 shows TEM bright-eld images and SAED patterns. All
samples show a ake-like shape; some of them are horizontal
lamellar and others can be seen on the vertical side (darker
ones), which could be noticed in the thickness of the particles.
In the case of the ZnO NPs, the particle thickness is constant,
and its SAED pattern (inset Fig. 3a) shows a crystalline particle,
which was indexed to ZnO. The ZnO/Cu2% NPs exhibited similar
morphology to the ZnO ones, but with irregular contours
attributed to the incorporation of the dopant Cu. The SAED
from one particle shows a monocrystalline pattern indexed to
ZnO. The coexistence of two types of particles was observed for
the ZnO/CuO NPs; the ZnO NPs revealed a well-dened wider
particle morphology, while CuO NPs had a more elongated
lamellar shape, with clear parallelepipeds and rectangular
© 2022 The Author(s). Published by the Royal Society of Chemistry
edges, which helps us to easily identify them; the SAED pattern
conrmed the CuO phase.

The absorbance spectra (Fig. 4a) of the NPs were acquired in
the 200–1000 nm region. The ZnO sample shows a typical
absorption in the ultraviolet region. There is a systematic
increase in the absorption in the vis-region for the doped and
composite samples. For the ZnO/Cu2%, NPs, the incorporation
of a low percentage of the element Cu in ZnO generated an
increase in absorption in the vis-region (�30%), which was
attributed to the creation of new interband energy states in the
electronic band structure, while the ZnO/CuO NPs showed
a high absorption of �85% in the vis-region. The CuO NPs
showed strong absorption in the UV-vis range. Fig. 4b shows the
Tauc plots used to determine the bandgap values; the bandgap
for the ZnO and ZnO/Cu2% NPs was 3.22 eV, indicating that the
dopant does not generate modication. However, for the ZnO/
CuO NPs, two band gaps can be distinguished, one corre-
sponding to the ZnO (3.22 eV) and a second one corresponding
to the CuO at 1.46 eV. As observed in Fig. 4b, the bandgap value
for the CuO NPs was 1.46 eV.
RSC Adv., 2022, 12, 9898–9908 | 9901
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Fig. 3 TEM bright-field micrographs for the (a) ZnO, (b) ZnO/Cu2%, (c) ZnO/CuO, and (d) CuO NPs. SAED patterns are inset for each.
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The XPS spectra conrm the oxidation state of the studied
samples. The survey spectra for the elements Zn, O, Cu, and C
can be identied (Fig. 5a). Carbon peaks were used to calibrate
Fig. 4 (a) Absorbance UV-vis-IR spectra and (b) bandgap determination

9902 | RSC Adv., 2022, 12, 9898–9908
each spectrum. Fig. 5b shows the high-resolution spectra of the
Zn 2p region. Two characteristic edges were detected, Zn 2p1/2
located at 1044 eV and Zn 2p3/2 at 1021 eV, for the ZnO, ZnO/
using Tauc plots.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 XPS spectra for all samples. (a) Survey spectra and (b) Zn 2p, (c) O 1s, and (d) Cu 2p regions.

Table 2 High resolution XPS deconvolution data for the Zn 2p3/2 and
Cu 2p3/2 edges

Sample

Zn 2p3/2 edge Cu 2p3/2 edge

Xc (eV) FWHM (eV) Area Xc (eV) FWHM (eV) Area

ZnO 1021.1 1.56 90 197 — — —
ZnO/Cu2% 1021.2 1.68 76 141 932.8 3.30 1909
ZnO/CuO 1021.3 1.97 57 671 933.1 3.00 12 976
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Cu2%, and ZnO/CuO NPs samples, corroborating the Zn2+

oxidation state. This valence state was determined from the
binding energy difference between these edges, whose value is
23 eV for these three samples, conrming the formation of the
ZnO phase. The O 1s region is shown in Fig. 5c; these spectra
were deconvoluted using a pseudo-Voigt function. The ZnO,
ZnO/Cu2%, and CuO NPs samples present behavior typical of
metal oxides, with two components present. The rst signal at
low energy is attributed to Zn2+–O2� bonding, and second at
high energy is associated with the OH� group on the surface of
the material.41 In the case of the ZnO/CuO sample, there are
three oxygen species: O2�, OH�, and the presence of additional
components at lower energy (which is not clear). According to
the literature, Cu exists in different cationic states forming the
CuO phase or Zn–O–Cu compounds.42 The formation of the
ZnO/CuO composite generates the presence of this compo-
nent,43 which is associated with oxygen-decient regions in the
ZnCuO matrix.44 Fig. 5d shows two component edges for the Cu
2p region, Cu 2p3/2, and Cu 2p1/2, which are located at 933.2 and
952.9 eV, respectively. The splitting value of these edges was
approximately 20.2 eV for all samples, which is consistent with
values reported in the literature. In the Cu 2p region two
shakeup satellites are observed, which are located at 10.9 eV and
8.7 eV relative to the 2p1/2 and 2p3/2 edges, respectively. These
shakeup satellites correspond to the CuO phase and the
© 2022 The Author(s). Published by the Royal Society of Chemistry
predominance of the Cu2+ oxidation state, which conrms the
presence of this phase. The small intensity of the Cu 2p3/2 edge
can be noted for the ZnO/Cu2% sample, which is due to the
presence of Cu as a dopant in the ZnO lattice, corroborating the
incorporation of Cu2+ ions as a dopant.

The incorporation of Cu in the ZnO lattice generates
a modication in the Zn 2p3/2 and Cu 2p3/2 edges. Table 2 shows
the measurement values for both edges. Three parameters were
compared: area, edge position (Xc), and full width at half
maximum (FWHM). The measured edge area provides infor-
mation about how much Zn and Cu are in the samples. For
example, in the case of the ZnO/Cu2% and ZnO/CuO samples,
the edge area for Zn 2p3/2 decreases compared to that in the ZnO
sample; this variation is attributed to the presence of Cu as
CuO — — — 933.6 2.95 40 277

RSC Adv., 2022, 12, 9898–9908 | 9903
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Table 3 Fitting parameters for the first-order kinetics model and the
correlation coefficients (R2)

Sample k � 10�3 R2

ZnO 17.5 0.999
ZnO/Cu2% 22.5 0.999
ZnO/CuO 19.4 0.999
CuO 5 0.992
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a dopant and the CuO phase, respectively. In addition, the Cu
2p3/2 edge area increases gradually for these NPs, showing
a maximum value for the CuO samples. The edge positions in
the ZnO and CuO samples indicate the elemental and chemical
composition of NPs, showing the Zn2+ and Cu2+ oxidation
states. The FWHM values are a useful indicator of the chemical
state changes attributed to Cu incorporation. This broadening
could show a relationship with doping and secondary phase
formation for the ZnO/Cu2% and ZnO/CuO samples, respec-
tively. The FWHM of the Zn 2p3/2 edge presents a systematic
increase with increasing Cu. The presence of the Cu 2p3/2 edge
for the ZnO/Cu2% sample corroborates the incorporation of
Cu2+ ions in the ZnO lattice, while in the case of the ZnO/CuO
sample, the presence of shake-up satellites conrms the
formation of the CuO phase.
3.2. Photocatalytic activity

Fig. 6a shows the photocatalytic activity of the three NPs as the
degradation percentages of MO. Fig. 6b shows the degradation
data tted using rst-order kinetics, for which linearized
equation is: ln(ct) ¼ ln(c0) � k � t, where k is the rate constant
and ct and c0 are the concentration of MO at time 0 and t,
respectively. Table 3 shows the tting parameters for the rst-
order kinetics model. The degradation data for the evaluated
NPs follow rst-order kinetics, which has been used to describe
the degradation of various pollutants by ZnO-based photo-
catalysts (see Table 3).45 The highest degradation was found for
ZnO/Cu2% NPs, with nearly 90% degradation of MO in 100 min.
The high photocatalytic activity of the ZnO/Cu2% NPs is attrib-
utable to the Cu dopant incorporated in ZnO, which widens the
absorption band as shown in Fig. 4a. The poor photocatalytic
Fig. 6 Photocatalytic degradation of MOwith ZnO, ZnO/Cu2%, ZnO/CuO
(b) degradation data fitted using the first-order kinetic model.

9904 | RSC Adv., 2022, 12, 9898–9908
activity of the CuO NPs can be attributed to the fast recombi-
nation of electrons and holes and the photocorrosion of the
material.46 Despite the high content of CuO (40%) in the ZnO/
CuO sample, its photocatalytic activity was not much different
from that of pure ZnO. Due to the photocorrosion that CuO can
suffer, it is expected that ZnO/CuO would also have poor pho-
tocatalytic activity. However, the presence of the ZnO/CuO het-
erojunction, which is a p–n heterojunction, can improve the
photocatalytic activity compared to that of either pure oxide by
slowing the recombination rate of the electron–hole pair.46

Additionally, ZnO can also provide protection against the pho-
todegradation of CuO by simply absorbing some of the radia-
tion, making CuO last longer as a photocatalyst. Lastly, the ZnO/
Cu2% NPs had the best photocatalytic activity. They also include
defects such as oxygen vacancies,47 which suppress the recom-
bination rate of electron–hole pairs.48

3.3. Antifungal activity

The antifungal tests were evaluated by measuring the mycelial
radial growth of four phytopathogenic fungi species. Fig. 7
shows the effect of the NPs on fungal growth; all the NPs
affected the growth of the fungal colonies, except CuO NPs. It
, and CuO under UV radiation. (a) Degradation percentages of MO, and

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Antifungal activity of the ZnO, ZnO/Cu2%, ZnO/CuO and CuO NPs against Neofusicoccum arbuti, Alternaria alternata, Fusarium solani,
and Colletotrichum gloeosporioides. Images in the same row correspond to specific NPs and columns indicate concentration. Untreated
controls are at the top of each group.
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can also be observed that the antifungal activity of the NPs
depends on the pathogenic fungi. Morphology changes were
observed in the fungal colonies of N. arbuti, F. solani, and C.
gloeosporoides treated with the three NPs (ZnO, ZnO/Cu2%, and
ZnO/CuO NPs) (Fig. 7). Likewise, changes in the mycelia color
from a lighter or white color to a darker one was observed. This
© 2022 The Author(s). Published by the Royal Society of Chemistry
could be due to the production of pigments generated by
oxidative stress in the fungi in response to the NPs. On the other
hand, the color changes from dark to light in the fungal colony
of A. alternata were attributed to the synthesis of fungal
pigments such as melanin, which can be found in this species.49
RSC Adv., 2022, 12, 9898–9908 | 9905
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Fig. 8 Inhibition percentages of ZnO, ZnO/Cu2%, ZnO/CuO and CuO against Neofusicoccum arbuti, Alternaria alternata, Fusarium solani, and
Colletotrichum gloeosporioides.
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Fig. 8 shows comparative bar graphs of the percent growth
inhibition of the fungi for the different NP treatments. A.
alternata and C. gloeosporioides were the most sensitive to ZnO/
Cu2% NPs; for concentrations as low as 0.5 mg mL�1, a high
growth inhibition (>80%) was observed. The growth of N. arbuti
and F. solani was inhibited 76.46% and 74.129%, respectively,
by the ZnO/Cu2% NPs. A. alternata (>80% growth inhibition) was
the most sensitive to the ZnO NPs, followed by N. arbuti, C.
gloeosporioides, and F. solani with 76%, 65%, and 60% growth
inhibition, respectively. However, the percentages of growth
inhibition are less than those for the fungi treated with ZnO/
Cu2% at the same concentration (0.5 mg mL�1). It can be
pointed out that at high concentrations (0.75 and 1.0 mg mL�1)
of the ZnO/Cu2% and ZnO NPs, a slight increase in the percent
growth inhibition of the four pathogenic fungi was observed.
These results suggest that the used NPs have great antifungal
activity and only 0.5 mg mL�1 is required to inhibit the growth
of these fungi.

It was observed that the antifungal activity of the ZnO/CuO
composite against four pathogenic fungi has a direct depen-
dence on the concentration, meaning that the growth inhibition
increased as the concentration increased (Fig. 8). The results
show that N. arbuti and A. alternata are most sensitive to ZnO/
CuO, but only 60% growth inhibition is achieved at 0.5 mg
mL�1; unlike for ZnO, a higher concentration of ZnO/Cu2%
(0.75 mg mL�1) is required to inhibit 80% of the fungal growth.
Likewise, to inhibit the growth of F. solani and C. gloeosporioides
by >80%, 1 mg mL�1 of ZnO/CuO is needed, which means that
9906 | RSC Adv., 2022, 12, 9898–9908
these fungi are less sensitive to ZnO/CuO. The CuONPs were the
least effective antifungal, inhibiting A. alternata growth by only
40% at 0.1 mg mL�1. Furthermore, there was no growth inhi-
bition for the species N. arbuti and F. solani using CuO NPs.
Based on these results, the CuO phase reduces the antifungal
activity of ZnO and the pure CuO phase shows less antifungal
activity. However, when Cu2+ ions were incorporated into ZnO
as a dopant, they increased the antifungal activity against the
four pathogenic fungi. Thus, it can be inferred that oxygen
vacancies are created due to the incorporation of Cu ions as
a dopant, which modies the electron states of the atoms
(Fig. 5) and modies the morphology of the particles (Fig. 3).
The crystallographic defects generated at the ZnO NPs can help
to produce more reactive oxygen species (ROS), such as cOH and
cO2

�, which are the main species produced by ZnO.50,51
4. Conclusions

In this work, the effect of Cu incorporation in ZnO NPs on the
photocatalytic degradation of MO dye and antifungal activity
against four fungal agricultural pathogens was studied. The
pure oxide (ZnO and CuO), composite (ZnO/CuO) and doped
(ZnO/Cu2%) NPs were synthesized by the hydrothermal method.
The ZnO/Cu2% NPs had the hexagonal ZnO phase with little
lattice distortion generated by the incorporation of Cu, and
elemental analysis conrmed the presence of the element Cu
without drastic morphology changes. The ZnO/Cu2% and ZnO/
CuO NPs showed enhanced visible light absorption compared
© 2022 The Author(s). Published by the Royal Society of Chemistry
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with pure ZnO, which is due to the formation of energy sub-
levels in the electronic band structure for the doped sample
and the presence of two phases for the composite sample.
Additionally, the ZnO/Cu2% NPs had higher photocatalytic
activity compared to the other NPs. These activities were
attributed to Cu doping, which changes or creates widening of
the absorption band or leads to the generation of oxygen
vacancies and slower recombination of the electron–hole pairs.
Likewise, the ZnO/Cu2% NPs were the most effective antifungal
against four pathogenic agricultural fungi. Therefore, these
results suggest these obtained materials with two-dimensional
morphologies have great potential for remediation and are
effective to control plant diseases caused by pathogenic fungi in
agriculture and forestry.
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FORDECYT No. 292399, México. Thanks are given to C. Leyva
and R. Ochoa at Nanotech Lab Cimav, Chihuahua, México for
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