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Abstract: In this work, photocatalytic performance is divulged in the ternary CuO-Ag-ZnO nanowire
synthesized via a two-step approach. The decoration of Ag and CuO nanostructures onto the surface
of ZnO nanowires was simply carried out by using the plasma electrolytic oxidation method in a
short time. The structure, size, morphology, and optical properties of as-prepared samples were char-
acterized by X-ray diffraction, field-emission scanning electron microscopy, and spectrophotometry
measurements. The diameters of Ag nanoparticles and ZnO nanoflowers are in the range of 5–20 nm
and 20–60 nm, respectively. Within the first 15 min, methyl orange was decolorized 96.3 and 82.8% in
the CuO-Ag-ZnO and Ag-ZnO, respectively, and there is only about 46.7% of that decomposed in
pure ZnO. The CuO-Ag-ZnO shows a higher rate constant k = 0.2007 min−1 and a lower half-life
time t = 6.1 min compared to Ag-ZnO and bare ZnO nanowires. The photo-reusability of the ternary
nanostructures was estimated to be much outweighed compared to ZnO nanowires. Interestingly,
the synergic incorporation between noble metal–semiconductor or semiconductor–semiconductor
in the interfaces of Ag-CuO, Ag-ZnO, and CuO-ZnO expands the visible light absorption range
and eliminates the photogenerated electron–hole recombination, resulting in a superior visible-light-
driven photocatalyst.

Keywords: ZnO nanowires; photoluminescence; plasma electrolytic oxidation; photocatalysis; no-
ble metal

1. Introduction

Photodegradation of organic pollutants based on semiconductor photocatalysts has
attracted tremendous interest due to its great potential for environmental protection and
sustainable development. Of the outstanding semiconductors, zinc oxide (ZnO) has been
appreciated as one of the most promising photocatalysts because of its superior proper-
ties, typically environmental friendliness, high chemical stability, inexpensiveness, high
electron mobility, a large exciton binding energy (60 meV) at room temperature and ex-
cellent photocatalytic performance [1–4]. Furthermore, owing to high aspect ratio and
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carrier transport, excellent interconnectivity and surface defect [5–9], one-dimensional (1D)
nanostructured ZnO such as nanowires [8], nanofibers [10], and nanorods [9], combined
with the advances in nanomaterial fabricating technology, have contributed to pushing up
the further practical possibility of the ZnO materials. Nevertheless, disadvantages, i.e., a
direct wide bandgap energy (3.3 eV) leading to narrow light response, fast photogenerated
electron–hole recombination rate, and photo-instability in aqueous solution [1,4], result in
poor light-harvesting and photocatalytic efficiencies.

To address these limitations, much consecutive effort has therefore been put forward
to extend the light absorption region and enhance the charge separation efficiency. In
this regard, one of the great strategies is to decorate noble metals like Au, Ag, and Pt
onto the ZnO nanostructures [11–16]. It has been reported that the surface plasmon
resonance property of noble metal nanoparticles efficiently improves the ZnO photocatalytic
activity. In addition, coupling to other narrow band-gap semiconductors is also an efficient
solution because the formation of p-n heterojunction at interfaces remarkably promotes the
photogenerated carrier separation [17–19]. Moreover, visible-light-driven photocatalysts
based on ternary noble metal/semiconductor/semiconductor structures have recently
been studied as well [20–23]. A faster electron transfers rate and suppressed electron–hole
recombination process are revealed in these heretostructures [20,21]. Xu et al. reported that
an Ag/CuO/ZnO nanotube film indicated enhanced photocatalytic activity and higher
photostability with about 98% of photodegradation efficiency after 20 usage cycles [5].

Meanwhile, to the best of our knowledge, the evolution and elucidation of the pho-
tocatalytic enhancement mechanism in the semiconductor/noble metal/semiconductor
structure is still very limited and has not met the practical requirements yet. Typically,
Ren et al. reported a good photodegradation of methyl orange under the assistance of a
ZnO/Au/Cu2O structure [24]. In another work, ZnS and Ag were loaded onto the ZnO
to form the ternary ZnS-Ag-ZnO for the aim to azo dye degradation under UV light. It
was found that the ZnS-Ag-ZnO operated more efficiently than Ag-ZnO, commercial ZnO,
and P25 [25]. Unfortunately, the rate constant has been a shortcoming for the ternary
material system. Therefore, much more attention is indispensable in order to deal with
this bottleneck. On the other hand, suitable component selection is a pivotal solution to
construct an excellently photocatalytic ternary system. Comparing to Au, the work function
of Ag nanostructure is in the vicinity of that of semiconductors, typically ZnO. Therefore, as
participating in the ternary system, the Ag has been expected to bring out better responses.
Gavade et al. made a comparison and indicated that the rate constant of Ag-CuxO-ZnO
is higher than that of Au-CuxO-ZnO [26]. In addition, a p-type CuO semiconductor has
received more attention for synthesizing CuO/ZnO heterostructure photocatalysts [27–30]
owing to a narrow direct band gap in the range 1.2–1.5 eV, which favor the formation of
p-n junction potential [31]. Noticeably, the emergence of an intrinsic electric field at the
interfaces can eliminate the electron–hole recombination since CuO and ZnO have opposite
charges. Consequently, the photogenerated electrons flow into the negative electric field
and the corresponding holes flow into the positive field, giving rise to more efficient charge
separation [31].

Decorating nanostructures onto the ZnO has been successfully realized by a variety of
methods such as hydrothermal, electrodeposition, and sputtering [24–26,32]. For instance,
ZnO/Au@Cu2O was synthesized by hydrothermal method for many hours [32]. However,
the majority of methods have consumed synthesizing time, extra supporting chemicals, or
used complex techniques. Recently, advances in nanomaterial preparing techniques under
plasma assistance have paved the way for a superior approach. The advantages that the
method brings out consist of simplicity, short preparing time (several minutes), efficiency,
and undestroyed backbone materials. Furthermore, the plasma method can be regarded as
a “green” method, as it usually does not use auxiliary reagents in the synthesis process. As
another benefit, this method can be carried out at ambient temperature and pressure.

Therefore, for the aim to further optimize the photocatalytic performance, in this work,
we designed a novel nanowire ternary heterostructure, in which the Ag nanoparticles (NPs)
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and CuO nanoflowers (NFs) were in turn anchored onto the surface of ZnO NWs and Ag
NPs are covered by CuO NFs. It means that the noble metal Ag NPs are sandwiched by the
n-type ZnO and the p-type CuO semiconductors in an encapsulated form. The formation of
the interfacial electric field in the semiconductor–metal–semiconductor encapsulated struc-
ture was demonstrated to cause excellent photocatalytic efficiency. This nanowire ternary
heterostructure was fabricated using the plasma electrolytic oxidation (PEO) treatment
in several minutes. Meanwhile, it is worth mentioning that analogous heterostructures
have been fabricated by more complicated approaches [24–26,32]. The match between the
band structure energies of CuO, ZnO and Ag nanoparticles (NPs) are located between
them, resulting in the establishment of a heterojunction that separates more efficiently the
electron–hole pairs. Along with expanding the visible light absorption range, under the
synergy of Ag and CuO, the CuO-Ag-ZnO has indicated an excellent photocatalyst working
under the sunlight accompanied with a high rate constant k and a low half-life time. Its dye
photodegradable activity significantly enhances compared to Ag-ZnO, bare ZnO, and other
ternary structures reported [24,25]. Not only does the CuO-Ag-ZnO possess the highest
photocatalytic efficiency, but its reusability is also more outstanding. Furthermore, the
photoluminescence (PL) spectrum properties and the enhanced photocatalytic mechanism
will be unraveled in the next section.

2. Results and Discussion

The size and morphological features of the pure ZnO, Ag-ZnO, and CuO-Ag-ZnO
NWs were characterized by FE-SEM technique. Figure 1a presents the surface structure of
the pure ZnO NWs obtained after a 3 h-hydrothermal process under reasonable conditions.
The nanowires with smooth surfaces have diameters in the range of ~20–70 nm and a
length of ~1–1.5 µm. Figure 1b,c shows the FE-SEM images of ZnO NWs decorated by Ag
nanoparticles, and Ag and CuO nanoparticles, respectively, using the plasma electrolytic
oxidation, which is simple and can be prepared in a short time (several minutes) [14,33].
Compared with the bare ZnO NWs, the successful deposition of the nanoparticles onto
the surface of ZnO NWs can be confirmed. The Ag NPs with diameters from 5 to 20 nm
are well dispersed on the ZnO NWs. Considerably, the emergence of flower-shaped CuO
nanoparticles on the Ag-ZnO NWs, as shown in Figure 1c, points out the co-existence of
the two types of nanoparticles. The diameter of CuO nanoflowers (NFs) grows in the range
from 20 to 60 nm. Meanwhile, the CuO nanoflower sizes have been reported from several
hundreds of nanometers to micrometers using chemical and time-consuming techniques
like hydrothermal, wet chemical, and precipitation methods [34–36]. Consequently, the
nanoflower sizes prepared here indicate superior advantages of PEO method compared
to others.

Figure 1. Morphologies of ZnO (a), Ag-ZnO (b), and CuO-Ag-ZnO (c) nanowires.

To get further analysis about the structural features of the as-prepared samples, TEM
and HRTEM were used. In this regard, the CuO-Ag-ZnO sample was selected to reveal in
detail the characteristics of Ag and CuO NPs onto the ZnO NWs. Figure 2 depicts TEM and
HRTEM images of CuO-Ag-ZnO NWs. The resulting TEM images indicate the occupation
of Ag NPs and CuO NFs onto the surface of nanowires. It can be deduced that the ZnO
NWs acted as a substrate to support the formation and growth of Ag NPs and CuO NFs.
A careful analysis of the HRTEM image (Figure 2b) confirmed the co-existence of lattice
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fringes of ZnO, Ag, and CuO. The d-spacing of 0.24 nm, 0.24 nm, and 0.25 nm in lattice
fringes corresponded to the (101) plane of ZnO NWs, the (111) plane of fcc-structure of Ag
NPs, and the (111) plane of monoclinic CuO NFs. Note that the distribution of Ag NPs onto
the surface of ZnO NWs operates as a key factor for decorating subsequent CuO NFs onto
the NWs, whereas the nanoflowers were preferred to occupy the NWs with fewer Ag NPs.

Figure 2. TEM (a) and HRTEM (b) images of CuO-Ag-ZnO nanowires.

The crystalline structure and phase composition of all samples were characterized by
X-ray diffraction. Figure 3 shows the XRD pattern of pure ZnO, Ag-ZnO, and CuO-Ag-ZnO
NWs. All the sharp peaks can be well indexed to the hexagonal wurtzite structure of the
ZnO (JCPDS: 36-1451). Generally, characteristic diffraction peaks of ZnO NWs with the
growth orientation along the c-axis are observed on all samples. The diffraction peaks
located at 31.9◦, 34.5◦, 36.4◦, 47.66◦, 56.69◦, and 63.1◦ can be assigned to the (111), (002),
(101), (102), (110), and (103) crystal planes of the typical ZnO wurtzite crystal structure. No
peak shift indicated that the Ag NPs and CuO NFs as well as the plasma treatment did
not ruin the ZnO crystalline structure. To observe explicitly small diffraction peaks of Ag
and CuO, a magnified portion of the XRD patterns in this range of 37–46◦ was plotted in
Figure 3. The presence of two peaks at 38.4 and 44.6◦ points to the existence of Ag NPs in
the Ag-ZnO sample, corresponding to the (111) and (002) planes (matched with JCPDS:
04-0783), respectively. In the CuO-Ag-ZnO sample, the two characteristic peaks of metallic
silver at 38.4 and 44.6◦ still exist, remarkably, the intensity of the peak at 38.4◦ increases
two-fold, while that of the peak at 44.6◦ is unchanged. These further suggested that the
CuO was attached on the Ag-ZnO NRs, corresponding to the (111) plane of monoclinic
CuO (JCPDS: 05-0661). Therefore, it can be robustly concluded that the Ag and CuO were
successfully decorated on the surface of ZnO NWs by the PEO without collapsing the
ZnO crystal.

Figure 4 shows the Fourier transform infrared spectroscopy (FTIR) of the pure ZnO,
Ag–ZnO and CuO–Ag–ZnO in the range of 400–4000 cm−1. The absorption peaks at
3445 cm−1 and 1632 cm−1 have been attributed to the O–H stretching and bending modes
of chemisorbed water [26]. The peaks at 2917 cm−1 and 2855 cm−1 could be assigned to
the C-H stretching vibrations. The additional peaks observed at 1368 cm−1 and 1060 cm−1

correspond to the C-O and C=O vibration modes, which may be due to carbonate group
improper decomposition [26].

In general, the absorption bands below 1000 cm−1 correspond to the emergence
of metal–oxide materials owing to the inter-atomic vibrations. The peaks appearing at
~410 cm−1, 536 cm−1 and 540 cm−1 could be attributed to the metal–oxygen (M–O) (M=Zn,
Cu) stretching vibration modes. From the Ag–ZnO curve in Figure 4, the absorption band of
stretching of Zn−O can be observed between 536 cm−1 and 540 cm−1, which confirms the
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formation of the wurtzite structure of ZnO. The peaks at 410 cm−1 and ~540 cm−1 could
be assigned to the absorption of Cu-O, confirming the monoclinic structure of CuO [26,28].

Figure 3. XRD diffraction patterns of as-prepared samples.

Figure 4. Fourier transform infrared (FTIR) spectra of samples.

We next discuss typical optical properties for as-prepared samples. Figure 5a intro-
duces the optical absorption spectra of the pure ZnO, Ag-ZnO, and CuO-Ag-ZnO NWs.
Obviously, the absorption edge of Ag-ZnO NWs is nearly unchanged compared to pure
ZnO NWs. However, the change occurs at the absorptive intensity in the visible light
region from approximately 400 nm to 550 nm. This can be attributed to the localized energy
states in the band gap of ZnO NWs due to the formation of defects in the ZnO lattice
during Ag decoration as well as the localized surface plasmon resonance (LSPR) effect by
Ag NPs [37]. When a narrow band gap semiconductor CuO (1.4 eV [38]) coupling with
Ag-ZnO gives rise to suppressing the recombination process because it absorbs the visible
part of the incident light and also supports the electron transfer to the large band gap
semiconductor (ZnO). The absorption edge of the CuO NF- decorated Ag-ZnO NWs is
red-shifted compared to Ag-ZnO NWs and ZnO NWs. This leads to a greatly enhanced
absorbance in the visible light region and is quite beneficial for harvesting the light and
producing more photogenerated charge carriers. This shift in the absorption wavelength
also confirms the formation of CuO-Ag-ZnO heterojunction.
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Figure 5. Absorbance spectra of samples (a), and Tauc plot for calculation of bandgap of samples (b).

Since ZnO exhibits a direct bandgap at ambient conditions [39], Tauc model was used
to define the bandgap of as-prepared samples, given in the following equation:

αhν = A
(
hν − Eg

)n. (1)

where A is constant, h is Planck’s constant, v is the photon frequency, Eg is the optical
bandgap, and n = 1/2 for the direct bandgap semiconductor. By extrapolating the linear
region of (αhν) 2 versus the photon energy axis, the optical band gaps were estimated as
shown in Figure 5b. It clearly shows that the pure ZnO and Ag-ZnO NWs get nearly the
same band gap of ~3.23 eV. Nevertheless, the band gap of CuO NF- decorated Ag-ZnO
NWs shifts to ~3.18 eV. Accordingly, it can be concluded that the formation of CuO NFs
can narrow the band gap energy of Ag-ZnO NWs.

Figure 6 shows the room-temperature PL spectra of ZnO, Ag-ZnO, and CuO-Ag-
ZnO NWs. As well-known, the PL spectra of ZnO have a near band-gap emission (NBE),
380–390 nm, which can be regarded as the free excitonic (electron–hole pair) recombination,
and a deep level emission (DLE) originates from the defect levels [40]. The ultra-violet
(UV) PL intensities of Ag-ZnO NWs and CuO-Ag-ZnO NWs are about a 1.4-fold increase
and 3-fold decrease compared to the bare ZnO NWs, respectively. The visible (VIS) PL
intensities of Ag-ZnO NWs and CuO-Ag-ZnO NWs are about a 3.1-fold and 5.5-fold
decrease compared to the ZnO NWs, respectively. The enhancement or quenching of the
PL emission strongly depends on the band structures of the semiconductor and the metal
as well as the emission energy states, and the direction of the energy or electron transfers
between the metal NPs and semiconductors [41]. The enhancement in the UV PL emission
of Ag-ZnO NWs can stem from the coupling between the excitons in the ZnO NWs and the
LSPR in Ag NPs, discussed in detail in Ref. [14]. The energy or electron transfer from the
Ag NPs to the semiconductor ZnO and the PL emission can be enhanced. However, the
VIS PL intensity of Ag-ZnO NWs significantly decreases compared to that of ZnO NWs.
This behavior may be due to the matching between the visible emission energy of ZnO and
the LSPR energy of Ag NPs, and the energy or electron transfer from metal to the defect
level of ZnO. These electrons can be easily excited to the conduction band, giving rise to
the reduction of the recombination between the electrons and the holes. Consequently, the
visible emission of Ag-ZnO is lower than that of the ZnO, and hence the photocatalytic
activity of Ag-ZnO can be enhanced, as also suggested previously [42]. As expected, in
synthesized samples, the PL intensity of CuO-Ag-ZnO NWs is the lowest, which means that
the electron–hole separation efficiency is highest. In this hetero-composite, the interaction
of two semiconductors with noble metal nanoparticles results in the establishment of the
Ag-ZnO, and Ag-CuO heterojunction interfaces. In addition, the work functions of CuO,
ZnO, and Ag NPs are located at −4.07 eV, −4.35, and −4.26 eV in terms of the absolute
vacuum scale, respectively [43,44]. As seen in Figure 7, under the UV-VIS light, the electrons
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in CuO excited from the valance band to the conduction band can transfer to the Fermi
level of Ag NPs and the ZnO conduction band. Electrons from the Fermi level can also
move into the conduction band of ZnO. As a consequence, the decrease of the PL intensity
at both the UV and VIS emissions is rendered, leading to a noteworthy suppression in the
electron–hole recombination rate and thus the prominent improvement of photocatalytic
degradation of catalysts.

Figure 6. PL spectra of as-prepared samples.

Figure 7. A schematic band diagram for electron transfer between the conduction band of CuO, ZnO,
and the Ag Fermi level.

As well-known, the electron and hole separation efficiency in the semiconductors has
a great influence on photocatalytic activity. Figure 8a shows the photocurrent-time curves
of ZnO, Ag-ZnO, and CuO-Ag-ZnO photoelectrodes under the light on/off illumination
by the solar simulated light. It can be seen explicitly that the CuO-Ag-ZnO points out
a significantly increased photocurrent, compared to that of the ZnO and Ag-ZnO. The
enhancement of photocurrent density in the CuO-Ag-ZnO indicates the separation effi-
ciency of photogenerated carriers, which can be accountable for its high photocatalytic
activity [45,46] because of our ternary nanostructure. In addition, the electrochemical
impedance spectroscopy (EIS) can be considered as a powerful tool to estimate charge
separation/transfer and recombination processes in photocatalysts. Figure 8b illustrates
the Nyquist plot of ZnO, Ag-ZnO and CuO-Ag-ZnO. The radius of the arc on the Nyquist
plot represents the interface layer resistance occurring at the surface of the electrode. The
arc radius on EIS Nyquist plot of the CuO-Ag-ZnO is smaller than that of the ZnO and
Ag-ZnO. It suggests that the ternary CuO-Ag-ZnO has more effective charge separation
and faster interfacial charge transfer. These results indicate that the decoration of Ag NPs
and especially CuO NFs onto the ZnO NWs can effectively improve the photogenerated
charge separation [45,46]. In addition, these results may be attributed to the interfacial
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electric field between ZnO and Ag NPs in Ag-ZnO NW samples as well as the ZnO, Ag
and CuO in the CuO-Ag-ZnO NWs, which accelerates the migration of photogenic charges
under UV-VIS light [47].

Figure 8. (a) The photocurrent-time curves of samples under the light on/off illumination by the
solar simulated light, and (b) the Nyquist plot of samples.

The photocatalytic activities of the ZnO, Ag-ZnO and CuO-Ag-ZnO NWs were evalu-
ated with respect to the degeneration of methyl orange (MO) dye under the solar simulator
light. Photogenerated electrons in the conduction band can capture oxygen to form super-
oxide anion radicals (·O−2) while corresponding holes in the valence band can react with
H2O to form hydroxyl radicals (·OH), both of which serve as pivotal factors for the dye
degradation. The photodegradable process was investigated by monitoring the change
in the maximum absorption peak of MO dye at 465 nm. Figure 9 manifests the UV–vis
absorption spectra of MO in terms of irradiation time for ZnO, Ag-ZnO, and CuO-Ag-ZnO
NWs. The intensity of absorption spectra, in general, markedly reduced upon increasing
the irradiation time. It can be seen that when the irradiation time increases, the peak
position is shifted to the left, due to the formation of the intermediate products after the
degradation of the MO dye.

Figure 10a shows the relationship between Ct/C0 degradation and irradiation times,
where Ct is the MO concentration at time t and C0 is the initial concentration, which derives
the decolorization efficiency (%). The CuO-Ag-ZnO NWs obviously have the highest
photocatalytic activity, and about 100% of MO could be degraded within 30 min of solar
simulator irradiation. The Ag-ZnO, and ZnO NWs have lower photocatalytic activity, in
which about 98.5 and 89% of MO were photo-decomposed within 30 min, respectively. It is
worth mentioning that within the first 15 min, the CuO-Ag-ZnO NWs degrade about 96.3%
of MO dye, while the lower decolorization efficiency is observed in the Ag-ZnO NWs and
ZnO NWs with about 82.8 and 46.7%, respectively. Thus, the photocatalytic activity of the
CuO-Ag-ZnO NWs is greatly improved due to the contribution of the decoration of Ag
NPs and CuO NFs onto the ZnO NW surface. These results are in consistence with the PL
spectra mentioned above. To evaluate the reaction kinetics of the MO photodegradation of
all samples, the experimental data in Figure 10b were fitted by the Langmuir–Hinshelwood
equation: ln (C0/Ct) = kt, where k is a pseudo-first-rate kinetic constant and t is the
irradiation time. By the approximate linear fitting curves of ln (C0/Ct) versus irradiation
time t, the values of k of ZnO, Ag-ZnO, and CuO-Ag-ZnO NWs were calculated to be
0.05 min−1, 0.135 min−1, and 0.2007 min−1, respectively. Noticeably, the value k of CuO-
Ag-ZnO NWs was estimated to be larger than that of previous reports. Munawa et al. [44]
reported that the rate constant of ZnO-CdO-CuO nanocomposite for the degradation of
MO is only 0.01964 min−1. Ren et al. [24] fabricated ternary ZnO@Au@Cu2O nanorod films
by the electrodeposition and a sputtering method. They claimed that the rate constant for
degradation of MO is 0.3027 h−1. In another work, Ren et al. [45] also found that the rate
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constant of ZnO@Au@Cu2O nanorod films for the degradation of MO is about 0.35 h−1.
The fundamental mechanism for the photocatalytic enhancement in our sample can be
explained due to (1) work function of Ag (−4.26 eV), ZnO (−4.35 eV), CuO (−4.07) is quite
close, and (2) the simultaneous existence heterojunction in the CuO-Ag-ZnO NWs.

Figure 9. UV–vis absorption spectra of ZnO (a), Ag-ZnO (b), and CuO-Ag-ZnO (c) for degradation
of MO under irradiation of solar simulator light by the as-prepared samples.

Figure 10. (a) Kinetics of MO photodegradation by the prepared samples, and (b) In(C/Co) curve as
a function of time for the photodegradation process of MO.

The synthesis time and the photocatalysis rate constant for MO dye of CuO-Ag-ZnO
are compared with those of other photocatalyst composites reported in the literature, as
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listed in Table 1. It can be clearly seen that the synthesis time and the photocatalysis
rate constant of CuO-Ag-ZnO are shorter and higher than those of other photocatalyst
composites, respectively. Therefore, such CuO-Ag-ZnO NWs could be considered as
excellent photocatalysts for the degradation of MO dye.

Table 1. A comparative table of photodegradation of MO dye solutions.

Sr.
No. Catalyst Materials Synthesis

Routes
Synthesis

Time Light Source * k Ref.

01 Ag–CuO–ZnO NRs
Sol-gel method

Photodeposition (Ag,
CuO)

5 h
4 h

Xenon lamp (50 mW
cm−2, 420–720 nm) ∼0.1 min−1 [5]

02 Ag–CuO–ZnO NTs
Sol-gel method

Photodeposition (Ag,
CuO)

5 h
4 h

Xenon lamp (50 mW
cm−2, 420–720 nm) ∼0.3 min−1 [5]

03 ZnO@Au@Cu2O

Electrochemical
method

Sputtering method
(Au, Cu2O)

1 h
60 s

Solar simulator
(Bos-X350-Z, -AM, 60

mW/cm2)
0.3 h−1 [24]

04 Ag@CuxO/ZnO
Milling method

Reduction method
(Ag, Cu2O)

4 h
3 h UV (365 nm) 18.06 × 10−2

min−1 [26]

05 CuO-ZnO-Ag Sol-gel method - UV-VIS 0.0885 min−1 [47]

06 (ZnO)0.2/(Fe2O3)0.6/(CuO)0.2

Hydrothermal (ZnO)
Precipitation method

(Fe2O3)
Hydrothermal (CuO)

1.5 h
2 weeks

1.5 h

Two tungsten halogen
lamps (ASI Illuminator,

50 W each)
0.039 min−1 [48]

07 ZnO@Ag@Cu2O

Electrochemical
method

Sputtering method
(Au, Cu2O)

1 h
60 s

Solar simulator
(Bos-X350-Z, -AM, 60

mW/cm2)
0.3 h−1 [49]

08 CuO-Ag-ZnO
Present work

Hydrothermal (ZnO)
Plasma electrolytic

oxidation (PEO)
treatment (CuO, Ag)

3 h
10 min.

Solar simulator (Oriel
Sol1A, 100 mW cm−2) 0.2007 min−1

* k is a pseudo-first-rate kinetic constant.

The natural degradation is usually considered a half-life, by using CuO-Ag-ZnO NWs
as the photocatalyst, the half-life of MO was estimated by the intersection between the
curve of degradation efficiency (1-Ct/C0) and dye concentration (Ct/C0) versus irradiation
time. The value of t1/2 is found to be 6.1 min (Figure 11a). This half-life of CuO-Ag-ZnO
NWs is much lower than that of composite samples in previous reports [47]. In addition
to the photocatalytic activity, the stability and reusability of photo-catalytic materials are
crucial factors for practical contaminated water treatment. It is noted that ZnO is known as
an unstable photocatalyst in an aqueous environment [47]. This drawback is significantly
overcome in our ternary structure. Typically, the CuO-Ag-ZnO NWs were used in the
photodegradation of dye 20 times, and after each run, CuO-Ag-ZnO NWs were separated
from the reaction mixture by centrifugation. The recovered catalyst was then reused to
degrade MO to a fresh solution. Figure 11b shows the photocatalytic degradation of MO
solution in 20 successive runs using ZnO, Ag-ZnO and CuO-Ag-ZnO NWs. There is no
significant change in the degradation efficiency of CuO-Ag-ZnO NWs for MO after multiple
cycles, while that of Ag-ZnO and ZnO NWs decrease 35 and 40%, respectively. As a result,
the CuO-Ag-ZnO NWs exhibited higher stability and reusability. Therefore, the Ag NPs
and CuO NFs play an important role in the augmentation of photodegradation efficiency,
stability, and reusability of ZnO nanomaterials.
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Figure 11. (a) Half-life estimation curve for degradation of MO dye using CuO-Ag–ZnO NWs, and
(b) reuse studies of MO using ZnO, Ag-ZnO and CuO-Ag-ZnO.

3. Materials and Methods
3.1. Materials

All the chemicals used were of analytical grade. Zinc nitrate hexahydrate
(Zn(NO3)2.6H2O), sodium carbonate (Na2CO3), silver nitrate (AgNO3), copper (II) ni-
trate hydrate Cu(NO3)2, ammonium hydroxide solution (NH4OH 25%), ascorbic acid
(C6H8O6), and ethanol (C2H5OH) were received from Sigma-Aldrich (St. Louis, MA, USA).

3.2. Synthesis of ZnO Nanowires

ZnO nanowires (NWs) were simply synthesized by the hydrothermal method at a mod-
erate temperature of 120 ◦C for 3 h. Particularly, a mixture consisting of Zn(NO3)2.6H2O
and Na2CO3 was dissolved well in distilled water for 1 h. This mixed solution was then
transferred into a Teflon put in a steel autoclave to perform the hydrothermal process. The
white powder was taken out and washed several times with distilled water and ethanol to
remove un-reacted substances and impurities, and then dried at 70 ◦C for 24 h.

3.3. Synthesis of Ag-ZnO and CuO-Ag-ZnO Nanowires

Decoration of silver on the ZnO NWs using the PEO process was presented in our pre-
vious reports [14]. The as-prepared ZnO powder was dispersed well in NH4OH aqueous
solution with pH~8 using the ultrasonic device. The plasma was discharged into the above
mixture for 3 min. Then, 50 mM AgNO3-precursor solution was introduced and continue
discharging the plasma for 5 min. One obtained Ag-ZnO powder using centrifugation and
washing 3 times with distilled water. Next, to fabricate ternary CuO-Ag-ZnO heterostruc-
ture, after Ag-ZnO synthesizing step, Cu(NO3)2-precursor and ascorbic acid, via the molar
ratio AgNO3:Cu(NO3)2:ascorbic acid = 1:63:8, were dropped and the plasma treatment was
realized for 10 min. CuO-Ag-ZnO powders were isolated using centrifugation for 5 min at
5800 rpm and washing several times with distilled water. These samples were dried in a
vacuum oven for 24 h at 50 ◦C and stored in a sealed vessel.

3.4. Sample Characterization

The surface morphology of the samples was observed by field emission scanning
electron microscopy (FESEM, Hitachi, S4800). Their crystal structure was determined by a
Bruker D8 advanced X-ray powder diffractometer with Cu-Ka radiation (k = 1.5406 A◦).
FT-IR spectra were engaged via a Nicolet iS10 spectrometer (Thermo Scientific, Waltham,
MA, USA). PL spectra of the ZnO samples were obtained by the excitation of a 355 nm
Teem Photonic laser. The photoluminescence spectrum was measured by high-resolution
photoluminescence spectroscopy (iHR550). The UV-vis absorption spectrum was examined
by a UV-vis –NIR spectrophotometer Carry 5000 (Varian, Palo Alto, CA, USA).
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3.5. Photoelectrochemical Experiments

Sample films were prepared on cleaned fluorine doped tin oxide (FTO) glass elec-
trodes by doctor blade technique. In this experiment, a paste was made from as-prepared
samples and a mixture of 20:1.3:1 ethanol, acetylacetone, and Triton X-100 non-ionic sur-
factant using milling method. The film area and thickness are about 1 cm2 and 500 nm,
respectively. The photoelectrochemical measurements were carried out with µStat-i 400s Po-
tentiostat using a three-electrode system with a Pt wire as the counter electrode, Ag/AgCl
as the reference electrode, and the as-prepared photoanodes as the working electrode at
room temperature. Then, 0.25 M Na2SO4 aqueous solution was used as the electrolyte.
Electrochemical impedance spectroscopy (EIS) was measured in the frequency range of
0.5 Hz–105 KHz, with an AC voltage amplitude of 10 mV. For the photocurrent responses
over time (I–t curves), the working electrode was illuminated using the solar simulator
irradiation (AM 1.5) with a power of 100 mW cm−2 (Oriel Sol1A, Newport, Irvine, CA,
USA) at 0.0 V versus Ag/AgCl.

3.6. Photocatalytic Test

The photocatalytic activity of the as-prepared samples, involving ZnO, Ag-ZnO, and
CuO-Ag-ZnO, was estimated by means of the photodegradation of Methyl orange (MO)
under the solar simulator irradiation (AM 1.5) with a power of 100 mW cm−2 (Oriel Sol1A).
Overall, 20 mg of each photocatalyst was conducted into 30 mL of MO (10 ppm) contained
in a glass beaker (DURAN, Duisburg, Germany). This mixture was then stirred in the
dark condition for one hour so that the photocatalyst’s surface reached the adsorption–
desorption equilibrium state. Subsequently, the incident light source was irradiated per-
pendicularly to the solution surface for 30 min. At every certain time interval, 3 mL of the
solution was aspirated and put into a centrifuge tube. The UV-vis spectrophotometer was
applied to measure the concentration of MO following the illuminative time.

4. Conclusions

To sum up, we successfully synthesized a novel ternary CuO-Ag-ZnO nanowire
heterostructure in the semiconductor-metal-semiconductor encapsulated form via a two-
step approach, whereas the ZnO NWs serving as host materials were formed by a facile
hydrothermal treatment and the Ag NPs and CuO NFs were in turn anchored on the
surface of ZnO NWs by a simple, fast and efficient PEO treatment. The diameters of Ag
NPs and ZnO NFs are in the range of 5–20 nm and 20–60 nm, respectively. Under the UV-vis
light, methyl orange was decolorized 96% in the CuO-Ag-ZnO, while there are about 83
and 47% of MO decomposed in the Ag-ZnO and bare ZnO NWs, respectively, in the first
15 min. Most prominently, the CuO-Ag-ZnO indicated a largely high photodegradable rate
k~0.2 min−1 (0.05 min−1 and 0.135 min−1 corresponding to ZnO and Ag-ZnO, respectively),
and a lower half-life time t1/2~6.1 min. In addition, it was found that the partial suppression
of PL spectra at both UV and VIS emissions demonstrates the highest photocatalytic
efficiency exhibited in the CuO-Ag-ZnO NWs in comparison to Ag-ZnO in which such
behavior only occurs at the VIS emission while the UV emission is pushed up, and bare
ZnO. These responses are attributed to primarily stem from the incorporation of Schottky
barriers and p-n heterojunction effects at the Ag-ZnO, Ag-CuO, and CuO-ZnO interfaces.
Consequently, along with photoelectrochemical measurement results, the most efficient
photogenerated charge transfer and separation as well as enhanced visible light harvesting
were ascribed in the CuO-Ag-ZnO NWs. Furthermore, its photo-reusability was also
much more outweighed than that of bare ZnO and, therefore, paving the way for a great
potential of ZnO-based ternary nanostructures for practically photocatalytic treatment and
other applications.
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