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H I G H L I G H T S

• Scalable and holistic strategy for syn-
thesizing hairy ZnO-based photo-
catalysts is proposed.

• Integration of ZnO-based immobilized
photocatalysts in continuous flow
tubular-type reactor.

• Excellent UV-filtered continuous mi-
neralization of persistent organic pol-
lutants.

• ZnO@ZnS heterostructure improved
UV-filtered light absorption and pho-
tocorrosion-resistance.

• Recyclability of photocatalysts and
system are also discussed.
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A B S T R A C T

Over the last few decades, the application of photocatalysis for mineralizing persistent organic pollutants and
other new emerging contaminants has gained increasing research and industry attention. However, the in-
tegration of catalyst fabrication and reactor design has not yet been realized for photocatalytic water decon-
tamination applications. Herein, we present, for the first time, a facile, scalable, and eco-friendly strategy for the
direct synthesis and integration of hairy ZnO@ZnS core@shell Cu cables in a continuous flow tubular-type
reactor. The hairy ZnO@ZnS core@shell Cu cables exhibited (i) excellent photocatalytic performance (photo-
catalytic degradation > 99%, mineralization > 99%) for continuous water decontamination of both single-
(methylene blue) and multi-pollutants (methylene blue, p-nitrophenol, and rhodamine B) under artificial UV-
filtered sunlight irradiation; (ii) a large surface area (90.1 m2g−1) and a large number of active sites owing to the
hairy architecture; (iii) enhanced light absorption in the visible region due to the ZnO@ZnS core@shell het-
erostructure, which promotes the separation of photogenerated carriers; (iv) improved light trapping capability
due to the hairy architecture; (v) high photostability with minimal photocorrosion (< 2% after 180 h of con-
tinuous irradiation); and (vi) excellent robustness. The recyclability and potential for direct re-fabrication of a
fresh photocatalyst were also successfully confirmed. Thus, hairy ZnO@ZnS core@shell Cu cables were de-
monstrated to be a reliable and promising immobilized photocatalysts for the efficient mineralization of per-
sistent organic pollutants and for the total/partial oxidation of other emerging pollutants in a continuous flow
tubular-type reactor.
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1. Introduction

According to the United Nations world water development report
2018, more than five billion people (mostly in developing countries)
could suffer water shortages by 2050 due to climate change, increased
demand, rampant human activities, and polluted supplies. The treat-
ment and potential reuse of contaminated water is a vital factor for
mitigating this problem throughout the world [1,2]. Conventional
wastewater treatment systems involving various physical, chemical,
and biological processes are effective for destroying commonly found
organic and inorganic pollutants [3–5]. However, many persistent or-
ganic pollutants (e.g. pesticides, herbicides, dyes, surfactants) and/or
new emerging contaminants (e.g. trace organic compounds, nano-
particles, microplastics, cyanotoxins, or antibiotics) are present in
water in increasing concentrations and are not affected by conventional
treatment processes. Because of persistent and emerging contaminants,
which pose potential threats to the environment and which can damage
human health through various exposed pathways (e.g. direct ingestion,
dermal contact), development of new technologies and revision of
conventional water treatment processes are necessitated [6–9].

Considerable research has been focused on advanced oxidation
processes (AOPs) because of their potential to enable the removal of
persistent and emerging pollutants [5–9]. Photocatalysis offers sig-
nificant advantages over other AOPs because of its favorable operation
conditions, including the capability to use solar light as a radiation
source, thus reducing energy costs and consumption. Photocatalytic
technologies are, thus, an environmentally friendly and sustainable
alternative to conventional water treatment processes, allowing for the
integration of green and circular chemistry principles, namely, reducing
waste production while utilizing energy, water, and other resources
more efficiently [8,10–13]. Photocatalysis has been conducted for the
efficient removal of various organic compounds, including persistent
organic pollutants, as well as for the inactivation of different types of
pathogens such as viruses, cyanobacteria, and fungi at the laboratory
scale. However, it is seldom used in industrial or domestic applications.
Thus, the integration of photocatalysis as a pre- or post-treatment
process in conventional wastewater treatment process could re-
volutionize the water technology industry [14,15].

Over the past 30 years, catalyst fabrication methods and their ef-
fects on the photocatalytic performance and catalyst stability (photo-
and chemical stability) as well as the mechanisms responsible for mi-
neralization (i.e., conversion of organic pollutants into intermediate
compounds and subsequently into carbon dioxide and water) have been
widely investigated [14–17]. Moreover, a few studies have focused on
the efficient integration and/or immobilization of photocatalysts in
photocatalytic systems (e.g., wall, fixed-bed reactors) to allow for
continuous wastewater treatment while avoiding the need for post-
treatment processes for photocatalyst separation and recuperation
[13,18–21]. However, the integration of catalyst fabrication and re-
actor design has not been extensively investigated, thus inhibiting the
industrial/domestic applicability of photocatalytic water decontami-
nation. The efficient design of photocatalytic reactors is likely to be a
key factor for process development, and consequently, will become a
future interdisciplinary challenge to both scientists and engineers.

Over the last few decades, different types of catalytic reactors have
been proposed to maximize productivity in various applications, im-
prove selectivity, and solve safety issues. In the field of reactor design,
the concepts of reactivity, kinetics, robustness, transport phenomena,
and reactor modelling are intimately integrated in a complex process
for full-fledged industrial reactor optimization [22–24]. However, the
design of photocatalytic reactors for water decontamination extends the
complexity of catalytic reactor scale-up due to the need to utilize a solid
photocatalyst (i.e. multiphase photocatalytic reactor) and the require-
ment for additional engineering factors related to photocatalyst illu-
mination (i.e. the distribution of light, light propagation, light scat-
tering, depth of radiation penetration, and local volumetric light

absorption). Among the multiple challenges affecting photoreactor de-
sign, the reduction of photocorrosion and the chemical and mechanical
leaching rate, which cause a gradual loss of the photocatalytic perfor-
mance, are possibly the major concerns as they affect photoreactor
scalability. Over the last two decades, tremendous efforts have been
devoted for the improvement of the chemical, photochemical, and
mechanical stability of immobilized photocatalyts. Importantly, the
applicability of direct solar irradiation has increased the amount of
interest in photocatalysis, but introduces an additional degree of com-
plexity due to the requirement for a transparent surface, which can
dramatically affect the reactor design [25–27]. However, the im-
provement of light transport technology, along with the development of
low-loss optical fibers and the revolution in LED technology, has sti-
mulated interest in applying photocatalysis to water decontamination
[28,29].

Herein, we propose a novel, simple, inexpensive, green, and scalable
strategy for the direct synthesis and integration of efficient visible-light
hairy ZnO@ZnS core@shell Cu cables in silicone tubes for continuous
wastewater treatment, thus realizing the integration of catalyst fabri-
cation and reactor design. Although various processes have been re-
ported for the synthesis of hairy ZnO nanostructures, none of those
studies considered the direct synthesis and integration of immobilized
photocatalysts for developing tubular continuous flow photoreactors
[30–39]. This study demonstrates that hairy ZnO@ZnS core@shell Cu
cables can be integrated and scaled-up in different reactor systems,
because of the simplicity of the synthesis process. Excellent photo-
catalytic performance and reusability were demonstrated for the re-
moval of different persistent organic pollutants (a single-pollutant so-
lution of methylene blue (MB) and a multi-pollutant solution of
MB + 4-nitrophneol (4-NP) + Rhodamine B (Rh B)) under UV-filtered
artificial sunlight using a recirculating reactor system. Additionally, the
photostability, photocatalyst leaching rate, and photocorrosion re-
sistance of the hairy ZnO@ZnS core@shell Cu cables were determined
under continuous UV-filtered irradiation. The excellent robustness of
immobilized photocatalysts is pivotal for scalability. A good photo-
catalyst design, especially for environmentally friendly applications,
must integrate the principles of green and circular chemistry and ad-
dress the issues of recyclability or integration in a circular process to
minimize the generation of residues. Thus, the recyclability potential of
the proposed system was demonstrated using fresh hairy ZnO@ZnS
core@shell Cu cables that could be resynthesized using the same re-
cycled substrate while allowing for the recuperation of Zn and Cu ions.

2. Experimental

2.1. Synthesis and characterization of hairy ZnO@ZnS core@shell Cu
cables

The direct growth of hairy ZnO@ZnS core@shell Cu cables inside a
silicone tube (Fig. S1) offered a scalable and economically feasible
synthetic procedure for fabricating potential tube reactors for water
purification using sunlight irradiation. Optimization of the design and
standardization of the reactor components have not been addressed in
the present work. Note that similar, though more complex, systems
have already been tested in a pilot-plant scale. The synthesis was a
multi-step process based on:

(i) Photocatalyst substrate preparation. The polyvinyl chloride insula-
tion layer of a 6 mm diameter Cu cable composed of 40 0.3 mm
diameter Cu wires was removed (Fig. S1a). The Cu cable was then
inserted and fixed through a 10 mm diameter silicone tube (Fig.
S1b), which was then connected to a water pump circuit (Fig. S1c).
The silicone tubes and Cu cable were then rinsed in an ethanol:-
water (1:3) solution for 30 min.

(ii) Zinc oxide chemical deposition. To deposit ZnO nanowires on the Cu
wires, a constant flow (0.2 L min−1) of an oxygen-saturated
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solution of 5 mM zinc (II) nitrate (Sigma-Aldrich,> 99%) and a
3 mM borane dimethylamine complex (DMAB; Sigma-Aldrich,
97%) was circulated through the tube for a set period of time,
resulting in the formation of a hairy ZnO Cu cable (Scheme 1). The
temperature of the deposition bath was maintained at 80 °C. The
silicone tubes and hairy ZnO Cu cables were rinsed in an etha-
nol:water (1:3) solution for 30 min.

(iii) Sulfidation. To form a thin shell of ZnS on a hairy ZnO Cu cable, a
constant flow (0.2 L min−1) of a 30 mM thioacetamide (Sigma-
Aldrich, 98%) solution was circulated through the silicone tube for
3 h at 85 °C (Scheme 1), resulting in hairy ZnO@ZnS Cu cables.

The morphology of the hairy ZnO@ZnS Cu cables was examined by
field-emission scanning electron microscopy (5 kV, FE-SEM; Hitachi S-
4800) with energy-dispersive X-ray spectroscopy. Specific surface areas
were measured in accordance with the Brunauer-Emmett-Teller (BET)
method from nitrogen adsorption–desorption isotherms obtained at
77 K using a Micrometrics Tristar-II. The crystal phases were de-
termined by X-ray diffraction patterns measured with a Bruker D8
Discovery diffractometer. A 2θ scan between 20° and 80° was used, with
a step size of 0.05 and a measuring time of 15 s per step. X-ray pho-
toelectron spectroscopy (XPS) measurements were taken with an XPS
system (PHI 5600 Multitechnique, Physical Electronics) using a
monochromatic X-ray source (Al Kα line = 1486.6 eV, 350 W). The area
analyzed was a circle 0.6 mm in diameter, and all measurements were
made in an ultra-high vacuum chamber. ZnO and ZnO@ZnS Cu cables
were etched by means of argon ion sputtering up to a few nanometers
prior to acquiring angle-resolved (AR) XPS images. For FE-SEM, BET,
XRD, and XPS analysis, the samples were cut into small pieces prior to
being characterized. The optoelectronic properties were examined by
collecting diffuse reflectance spectra in the wavelength range of 250 to
800 nm using a Perkin Lambda 900 UV spectrophotometer, whereas the
photoluminescence spectra were examined at room temperature by
using a PerkinElmer LS-55 fluorescence spectrometer.

2.2. Photocatalytic activity of hairy ZnO@ZnS core@shell Cu cables

The photocatalytic activity of ZnO and ZnO@ZnS core@shell Cu
cables was evaluated by degradation of a 10 ppm methylene blue (MB)
solution under artificial UV-filtered sunlight irradiation using our
photoreactor (Scheme 2). Artificial UV-filtered sunlight (λ > 400 nm,
light intensity of 450 ± 20 lx, irradiance of 8 × 10−3 W cm−2) was
generated using 500 W Xe lamp irradiation with a 400 nm cut-off filter.
The temperature, photocatalyst dosage, volume of polluted solutions,
and flux rate were fixed and maintained at 25 °C, 0.7 g, 2 L, and 0.25 L
min−1, respectively. The pH of the solution was adjusted to 7.0 for all
the experiments. Prior to irradiation, polluted solutions were circulated
in dark conditions for 1 h to reach adsorption–desorption equilibrium.
At set time intervals during UV-filtered irradiation, 2.5 mL aliquots
were collected for analysis. The concentration of MB was determined by
UV–vis spectroscopy at its maximum absorption wavelength
(λ = 662 nm) using a UV–vis PerkinElmer Lambda 900 UV

spectrophotometer. Photocatalytic mineralization (i.e. degradation of
MB into intermediate compounds and subsequently into CO2 and H2O)
was also examined by comparing the total organic content (TOC) prior
to the start of irradiation and after circulating the pollutant solution for
65 min using a TOC analyzer (model TOC-VCSH). Each experiment was
repeated four times to ensure accuracy and reproducibility. To evaluate
the effect of flux rate on the mineralization of MB, the reduction of the
TOC content after 45 min of irradiation of a 10-ppm MB solution was
determined at different flow rate, ranging from 0.05 to 1.5 L min−1. To
investigate the role of the reactive species involved in the photo-
catalytic process (i.e., hydroxyl radicals, oxygen superoxide, and pho-
togenerated holes), the quenching of chemical selective radicals was
performed. For an indicator, a pollutant solution of 10-ppm MB was
used that contained (a) isopropyl alcohol (Sigma-Aldrich,> 99.7%), a
quencher of hydroxyl radicals, (b) benzoquinone (Sigma-Aldrich,>
98%), a quencher of superoxide radicals, or (c) triethanolamine
(Sigma-Aldrich,> 99%), a quencher for photogenerated hole, which
were independently added until a concentration of 1 mM was obtained.
The maximum absorption peak intensity of MB 662 nm after 45 min of
UV-filtered sunlight irradiation was recorded. Additionally, to confirm
the catalytic performance of ZnO@ZnS core@shell Cu cables for the
mineralization of persistent organic pollutants, a mixture of MB
(25 ppm) + 4-NP (25 ppm) + Rh-B (25 ppm) was circulated for 6 h
under UV-filtered irradiation. The photocatalytic mineralization of this
mixture was followed by observing the color changes in the solution
throughout circulation and measuring the TOC after 6 h of circulation.

2.3. Photostability of hairy ZnO@ZnS core@shell Cu cables

To evaluate the photocatalyst reusability and robustness, the MB
photocatalytic degradation performance was confirmed by repeated
photocatalytic experiments (10 times) using the same photocatalyst
sample under the same reaction conditions. The photostability of the
ZnO@ZnS core@shell Cu cables was also evaluated by measuring the
time-dependent concentrations of Zn(II) and Cu(II) ions in the circu-
lating water over a period of 180 h under artificial UV-filtered sunlight
irradiation. The concentration of Zn(II) ions was determined spectro-
photometrically using Zincon monosodium salt (Sigma-Aldrich) in bo-
rate buffer (50 mM, pH = 9) and measuring the absorbance at 620 nm
associated with the Zn(II)-bound Zincon complex [40]. The con-
centration of Cu(II) ions was also spectroscopically determined using
4,4′-bis-(dimethylamino-)thiobenzophenone (TMK; Sigma-Aldrich) in
an acetic acid buffer solution (100 mM, pH = 4.6) and a surfactant
polyethylene octyl phenyl ether (OP) medium and measuring the ab-
sorbance at 500 nm associated with the Cu(II)–TMK–OP complex
[41,42]. For these measurements, a UV-1800 Shimadzu UV–vis spec-
trophotometer (Shimadzu Corporation) with a quartz cuvette with an
optical length of 1 cm was used. The morphology of ZnO@ZnS core@
shell Cu cables after 120 h of artificial UV-filtered sunlight irradiation
was also determined using FE-SEM.

Scheme 1. Schematic representation of the
synthesis of hairy ZnO@ZnS core@shell Cu
cables. CBD: chemical bath deposition. Note
that Cu cables were integrated inside the
silicone tube prior to the start of the
synthesis in order to meet the photocatalyst
fabrication and reactor design. The synthe-
sized hairy ZnO@ZnS core@shell Cu cables
were kept inside the transparent silicone
tube for the whole process mimicking a
tubular reactor.
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2.4. Recyclability

After reaching the end of the photocatalyst lifetime (the lifetime of
ZnO@ZnS core@shell Cu cables was not determined in this study), Cu
cables could be reused to synthesize new ZnO@ZnS core@shell Cu
cables. For this purpose, 0.5 M H2SO4 was circulated for 15 min to
remove the remaining ZnO@ZnS photocatalyst. MilliQ-Millipore water
was then circulated for 5 min for allowing the growth of hairy ZnO@
ZnS core@shell nanowires on the Cu wires, facilitating photocatalyst
recycling. Zn(II) and Cu(II) were easily recovered and separated by
factorial crystallization.

3. Results and discussion

3.1. Synthesis and characterization of hairy ZnO@ZnS core@shell Cu
cables

The growth of ZnO nanocrystals via a simple palladium-free elec-
troless process was demonstrated on various continuous Cu substrates
using DMAB [39]. This strategy opens the door for scalable and non-
expensive applications in water decontamination. The experimental
conditions (i.e. concentration of precursors, deposition time, and cir-
culating flux) for the Cu-catalyzed growth of hairy ZnO Cu cables in a
tubular-type reactor were investigated and optimized. Cu cables were
inserted into a silicone tube (Fig. S1), the latter playing a key archi-
tectural role in the design of the tubular-type photoreactor. The Cu
cables were used to oxidize DMAB and as the seed layer for ZnO
growth. The Cu cables, formed by 40 Cu wires, 300 ± 25 µm in dia-
meter, presented a continuous and uniform surface containing minor
defects, scratches, and holes (Fig. S2).

The electroless deposition of ZnO to produce well-defined ZnO na-
nowires on the Cu wires was then optimized by adjusting the zinc ni-
trate concentration (i.e., 20, 10, and 5 mM) and circulating flux (i.e., 10
and 2 mL min−1). The temperature was maintained at 80 °C for all
experiments. The deposition of ZnO crystals strongly depended on the
zinc nitrate concentration as the growth density (i.e., number of ZnO
grains per unit of area) was inversely proportional to the zinc nitrate
concentration. Likewise, as the circulating flux flow rate increased, the
growth density decreased significantly. To maximize the ZnO growth
density, a zinc nitrate concentration of 5 mM and a circulating flux of
2 mL min−1 were selected. The deposition time was also a critical
parameter for ensuring total coverage of the Cu wires by ZnO nanowires
as well as for controlling the ZnO nanowire diameter. ZnO nanowires
are not compact structures; therefore, the formation of a free and ac-
cessible Cu surface between the nanowires might be possible despite the
ZnO nanowires covering the entire surface of the Cu wires.

As shown in Fig. 1, after 30 min of deposition, 86% of the Cu wire
surface was covered with ZnO nanocrystals having diameter of
110–190 nm. After 60 min, well-defined ZnO nanowires with diameters
of 60–90 nm covered the entire surface of the Cu cables. With a longer
deposition time (90 min), well-defined ZnO nanowires were observed,
but having diameters of 70–190 nm because of the later growth, which
reduced the surface area. Based on these results, the optimum condi-
tions for the synthesis of hairy ZnO@ZnS core@shell Cu cables included
a deposition time of 60 min, a zinc nitrate concentration of 5 mM, and a
circulating flux of 2 mL min−1. The volume of the ZnO deposition so-
lution circulating during ZnO deposition was set to 1 L and the total
amount of Cu cables to 9.7552 g of Cu (length of each Cu
cable = 52 cm). The volume and Cu substrate were also critical para-
meters to be considered for the scaling-up of the process. Thus,

Scheme 2. Schematic representation of the pro-
posed photoreactor used in our lab, which in-
corporated ZnO@ZnS core@shell Cu cables. 2 L of
single- or multi-pollutant solutions circulated inside
a transparent silicone tube to proceed with the
photocatalytic mineralization. The hairy ZnO@ZnS
core@shell Cu cables were only integrated into the
spiral part of the system, where the artificial UV-
filtered sunlight was applied. Note that hairy ZnO@
ZnS core@shell Cu cables could be integrated into
the whole silicone tube, facilitating the miner-
alization, but in this preliminary study the photo-
catalyst was restricted to the spiral area for a better
study of the photocatalytic performance.
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optimized conditions were determined for a novel, simple, inexpensive,
green, and scalable strategy for the direct synthesis and integration of
ZnO nanowires on Cu cables in silicone tubes (Fig. 1b).

The relatively large band gap (Eg = 3.36 eV), rapid recombination
rate of electron-hole pairs, and high photocorrosion activity of ZnO are
widely known to inhibit its photocatalytic activity, and consequently,
its potential for use in sunlight-driven water decontamination
[16,43–46]. However, the band gap of ZnO photocatalysts can be
narrowed to fit within the visible region by the formation of ZnO@ZnS
core@shell heterostructures, which greatly influence the effective
photoresponsive charge separation, improve the carrier mobility, and
enhance the photocorrosion resistance, thus significantly improving the
sunlight-driven photocatalytic potential for water decontamination
[16,47]. To extend the potential applicability of this process, hairy
ZnO@ZnS core@shell Cu cables were synthesized by subjecting the
well-defined hairy ZnO Cu cables to a sulfidation process.

As shown in Fig. 2, the deposition of ZnO nanowires on Cu cables
and the subsequent sulfidation can be readily identified by the naked
eye, as the color of the Cu wires changes to brown and then black. The
sulfidation process did not appear to affect the architecture of the hairy
ZnO Cu cables (Fig. 2b and c) as no changes were observed in the
morphology, while the BET surface areas were virtually identical (Fig.
S3). The hairy architecture provided a large active surface area (i.e.
87.8 and 90.1 m2 g−1 for ZnO and ZnO@ZnS Cu cables, respectively),
which was expected to provide enhanced photocatalytic performance
for sunlight-driven water decontamination compared to other ZnO-
based photocatalysts. The successful sulfidation process was confirmed
by changes in the photocatalyst color, energy dispersive spectroscopy
and XPS analysis, and XRD characterization.

To gain an insight into the chemical state of the synthesized hairy
ZnO and ZnO@ZnS core@shell Cu cables, XPS was performed. Fig. 3a
shows the high-resolution XPS spectra of Zn 2p, O 1s, and S 2p. The
binding energies obtained from the XPS analysis were corrected by
referencing the C 1s to 284.60 eV. The Zn 2p spectra was composed of 2
peaks at 1044.7 and 1021.7 eV, corresponding to the Zn 2p1/2 and Zn
2p3/2, respectively, indicating a normal state of Zn2+ in both ZnO and
ZnO@ZnS photocatalysts. The O 1s spectra of the ZnO Cu cables clearly
shows the superposition of three peaks, located at approximately 530.0,
531.9, and 533.1 eV. The low binding energy peak located at 530.0 eV

is attributed to the O2− ions in the wurtzite structure of a hexagonal
Zn2+ ion; that located at 531.9 eV is associated with the oxygen va-
cancies in the matrix of ZnO, while that located at 533.1 eV is generally
associated with the presence of chemical-adsorbed hydroxyls or oxygen
on the photocatalyst surface. After the sulfidation, only two peaks
(centered at 531.8 and 533.1 eV) were observed, which can be asso-
ciated with the oxygen vacancies and chemical-adsorbed oxygen on the
photocatalyst surface. Importantly, the peak observed at approximately
530.0 eV is totally suppressed which is consistent with the formation of
a ZnS shell. In addition, the formation of a ZnS layer is clearly con-
firmed by the S 2p XPS spectra, in which the contributions of the S 2p1/2
and S 2p3/2 peaks centered at 162.6 and 161.3 eV, respectively, were
observed.

The corresponding XRD patterns of the Cu wires, and hairy ZnO and
ZnO@ZnS core@shell Cu cables are shown in Fig. 3b. As expected, the
Cu wires were polycrystalline, exhibiting three diffraction peaks at 2
values of 43.6, 50.8, and 74.4° corresponding to (111), (200), and
(220) planes, matching those of the standard powder diffraction card of
Cu (JCPDS card No. 04–0836). For ZnO Cu cables, the principal dif-
fraction peaks appeared at 2θ = 31.79° (100), 34.42° (002), 36.25°
(101), 47.55° (102), 56.60° (110), 62.86° (103), 66.35° (200), and
67.96° (112), which are in agreement with the Miller indices of the
crystallographic planes of the standard wurtzite ZnO structure (JCPDS
card No. 36-1451). However, three peaks at 2 values of 43.6°, 50.8°,
and 74.40°, corresponding to the Cu wires, were also detected. No
characteristic peaks arising from the impurity phases were observed in
the XRD pattern. For the ZnO@ZnS core@@shell Cu cables, two extra
peaks appeared at 2θ = 28.55° (111) and 33.87° (200), arising from
the cubic ZnS blende structure (JCPDS card No. 65-1691). Note that the
strong diffraction peak (002) at 2θ = 34.4° confirmed preferential the
growth of ZnO along the c-axis, which was coherent with the nanowire
shape.

The optoelectronic properties of hairy ZnO@ZnS core@shell Cu
cables were analyzed to confirm that the formation of a ZnS shell en-
hanced the UV and visible light absorption properties of ZnO nano-
wires. As expected, the UV–vis diffuse reflectance spectra (DRS) of the
hairy ZnO Cu cables (Fig. 4a) exhibited a strong absorption in the UV
region and small absorption intensity in the visible domain. Due to the
sulfidation process, the absorption band was displaced to the visible

Fig. 1. FE-SEM micrographs of ZnO nanowires on Cu wires after (a) 30 min, (b) 60 min, and (c) 90 min of deposition. Scale bar: 1 µm.
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region and the intensity of this band also increased significantly, con-
firming that the ZnO@ZnS heterostructures produced a photoresponse
in the visible region. The Tauc plots of (αhν)2 vs hν were plotted for the
calculation of the energy band gap of the ZnO and ZnO@ZnS core@
shell Cu cables, which were estimated to be 3.23 and 2.75 eV, respec-
tively. The obtained band gap of ZnO@ZnS core@shell Cu cables is
significantly smaller than that of the bulk semiconductors (3.37 and
3.54 eV for ZnO and ZnS, respectively) due to the improved separation
of the photogenerated electrons and holes in the ZnO-ZnS coupled
systems. The slightly smaller band gap of the ZnO core@shell Cu cables
may be due to oxygen vacancy defects. These results highlighted the
potential of hairy ZnO@ZnS core@shell Cu cables for efficient sunlight
photocatalysis applications.

The applicability of ZnO-based photocatalysts is determined not
only by their visible-light photosensitivity but also their ability to
overcome some of their intrinsic drawbacks such as rapid charge re-
combination and serious photocorrosion. As shown in Fig. 4b, the
photoluminescence spectra of ZnO Cu cables showed two emitting
bands, consisting of a strong emission centered at approximately
380 nm and a non-depreciable broad photoluminescence band centered
at approximately 630 nm. This band was red-shifted compared to those
of other ZnO nanostructures, for which the maximum is generally
centered at 550 nm. This red-shift is normally attributed to the presence
of oxygen vacancy defects [16,45,51–53]. The photoluminescence
spectra of the ZnO@ZnS core@shell Cu cables showed a weak emitting
band in the visible region, which could be due to the superposition of
bands arising from various individual emissions from the core–shell
structure. The formation of a ZnS thin shell on the ZnO nanowires

clearly suppressed the violet emission of the ZnO nanowires, centered
at around 380 nm. The weak broad emission centered at 640 nm for the
ZnO@ZnS core@shell Cu cables suggested that the ZnO-ZnS interface
could reduce the total band gap of the system as well as efficiently
decrease the recombination rate of photoinduced charge carriers.

3.2. Photocatalytic activity of hairy ZnO@ZnS core@shell Cu cables

The large effective surface area and optoelectronic properties of
hairy ZnO and ZnO@ZnS core@shell Cu cables offer great potential for
application to water decontamination. The photocatalytic performance
was evaluated by performing the photocatalytic mineralization of a
single-pollutant solution of MB and a multi-pollutant solution of
MB + 4-NP + Rh B under artificial UV-filtered sunlight. Control
photolysis (i.e. irradiation in the absence of a photocatalyst) experi-
ments demonstrated negligible mineralization in the absence of a
photocatalyst (Fig. S4).

The single-pollutant solution was also used to analyze the adsorp-
tion and kinetic properties of the hairy ZnO and ZnO@ZnS core@shell
Cu cables. The adsorption–desorption equilibrium of MB was reached
after 1 h of circulating the single-pollutant solution under dark condi-
tions. The adsorption of MB was 13–15% for both the hairy ZnO and
ZnO@ZnS core@shell Cu cables. After reaching the ad-
sorption–desorption equilibrium of MB, the irradiation of the photo-
catalysts started and the photocatalytic degradation of MB was mon-
itored by measuring the real-time UV–vis absorption of MB at 662 nm,
as shown in Figs. 4 and S5.

Under these conditions, with a flow rate of 0.25 L min−1, the hairy

Fig. 2. (a) Image of Cu cables, hairy ZnO Cu cables, and hairy ZnO@ZnS core@shell Cu cables. FE-SEM micrographs of (b) hairy ZnO Cu cables and (c) hairy ZnO@
ZnS core@shell Cu cables. Scale bar: 1 µm.
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Fig. 3. (a) XPS spectra of Zn 2p, O 1s, and S 2p of hairy ZnO and ZnO@ZnS core@shell Cu cables. (b) XRD pattern of (i) Cu cables, and hairy (ii) ZnO and (iii) ZnO@
ZnS core@shell Cu cables.

Fig. 4. (a) UV–Vis DRS absorption spectra (inset: Tauc plots from the UV–vis analysis) and (b) room temperature photoluminescence spectra of hairy (i) ZnO and (ii)
ZnO@ZnS core@shell Cu cables.
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ZnO Cu cables exhibited a MD photocatalytic degradation level of 39%
after 45 min of artificial UV-filtered sunlight irradiation (Fig. S5),
which was significantly smaller than the 98% photocatalytic degrada-
tion obtained with the hairy ZnO@ZnS core@shell Cu cables (Fig. 5a).

As shown in Fig. 5a, the photocatalytic degradation of MB was visually
observed due to the decoloration of the initial methylene blue solution.
However, the mineralization, as measured by the TOC reduction, was
relatively small as values of 31% and 85% (Table 1) were achieved for

Fig. 5. (a) Time-dependent UV–vis spectra of MB photocatalyzed degradation under artificial UV-filtered sunlight (λ > 400 nm) using hairy ZnO@ZnS core@shell
Cu cables at a concentration of 0.35 g L−1, along with images of the circulating MB solution (flux rate = 0.25 L min−1) at different times. (b) Mineralization at
different flux rates after 45 min of irradiation under artificial UV-filtered sunlight (λ > 400 nm) using hairy ZnO@ZnS core@shell Cu cables (0.35 g L−1). (c)
Trapping experiment of active species during the MB photocatalytic degradation under sunlight (λ > 400 nm) using hairy ZnO@ZnS core@shell Cu cables at a
concentration of 0.35 g L−1 and a flux rate of 0.25 L min−1. NQ, BQ, IPA, and TEOA are used to indicate non-quencher and benzoquinone, isopropyl alcohol, and
triethanolamine quenchers, respectively. (d) Schematic representation of the photocatalytic mechanism of hairy ZnO@ZnS core@shell Cu cables.

Table 1
BET surface areas of hairy ZnO and ZnO@ZnS core@shell Cu cables, light intensity, photocatalytic degradation (%), mass-normalized kinetic constants, and mi-
neralization (%) of MB (10 ppm) for pollutant solutions under artificial UV-filtered sunlight (λ > 400 nm) using hairy ZnO and ZnO@ZnS core@shell Cu cables
(0.35 g L−1). The values of light source intensity depicted in this table correspond to the average intensity values on the photocatalyst’s surface (i.e., inside the
silicone tubes) – 23% of light intensity was absorbed by the silicone tubes (i.e., the light intensity on the external silicone tubes was approximately 580 lx).

Photocatalyst ZnS to ZnO/at.
%

BET surface
area/m2 g−1

Light source intensity/lx
(λ > 400 nm)

Flux rate/L
min−1

Photocatalytic
degradation (45 min) /%

Mass-normalized kinetic
constant/min−1 g−1

Mineralization /%
(45 min)

ZnO – 87.8 450 ± 20 lx 0.25 39.6 ± 0.8 0.02 31.2 ± 0.5
ZnO@ZnS 10.2 ± 0.8 90.1 450 ± 20 lx 0.25 98.3 ± 0.4 0.13 85.3 ± 0.3
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the hairy ZnO and ZnO@ZnS core@shell Cu cables, respectively, over a
time period of 45 min. Importantly, for hairy ZnO@ZnS core@shell Cu
cables, complete TOC removal (i.e., mineralization > 99%) occurred
after time period of 65 min. Note that the total mineralization of or-
ganic pollutants is a critical parameter as some intermediates may be
equal or more harmful that the initial contaminant.

According to the Langmuir–Hinshelwood model, at low concentra-
tions, MB degradation obeys pseudo first-order kinetics with respect to
the MB concentration. Consequently, the apparent kinetic rate constant
could be calculated from a plot of the logarithm of the absorbance [−ln
(At/A0)] as a function of the reaction time (Fig. S6) and normalized by
the mass of the photocatalyst to compare the photocatalytic activity of
hairy ZnO@ZnS core@shell Cu cables and state-of-the-art ZnO-based
photocatalysts [8,48–50,54,55]. This mass-normalized reaction rate
constant (Table 1) of the ZnO@ZnS core@shell Cu cables was almost
6.5 times higher than that of the hairy ZnO Cu cables. The mass-nor-
malized kinetic rate constants under non-circulating conditions (reac-
tion volume = 20 mL, photocatalyst dosage = 0.35 g L−1, magnetic
stirring = 200 rpm) for the hairy ZnO and ZnO@ZnS core@shell Cu
cables were 2.1 and 14.3 min−1 g−1, respectively. These values are not
comparable since in non-circulating conditions and small volumes, but
under magnetic stirring (400 rom), both the pollutant-photocatalyst
and light-photocatalyst interactions are higher. The development of a
tubular continuous flow reactor, especially when large volumes of in-
dustrial wastewater are to be handled, requires an analysis of the role of
the flow rate on the overall photocatalytic performance. The experi-
mental work was limited to low flow rates, ranging from 0.05 to 1.5 L
min−1. However, the general behavior can be extracted from these
experiments. As shown in Fig. 5b, the mineralization of MB for hairy
ZnO and ZnO@ZnS core@shell Cu cables was virtually constant until a
flow rate of 0.3 L min−1 was exceeded. In the studied range, the in-
crease in the flow rate was translated into a reduction in the miner-
alization. Because of the complexity of the photocatalytic mineraliza-
tion process, which requires pollutant adsorption and multiple
oxidation reactions, it is thought that the low flow rates resulted in
improved global mineralization results.

The significantly enhanced photocatalytic activity of the ZnO@ZnS
core@shell Cu cables prompted further investigation of the photo-
catalytic reaction mechanism of the degradation process. To investigate
the role of hydroxyl radicals, superoxide radicals, and photogenerated
holes in the degradation process, trapping experiments were performed
(Fig. 5c). For the ZnO Cu cables, the photocatalytic degradation (39%),
after 45 min of artificial UV-filtered sunlight irradiation, decreased to
~22%, ~16%, and ~30%, in the presence of superoxide radical (i.e.,
BQ), hydroxyl radical (i.e., IPA), and hole (i.e., TEOA) scavengers, re-
spectively. These results suggested that the production of superoxide
and hydroxyl radicals governed the degradation of MB when the ZnO
Cu cables were used. On the other hand, the photocatalytic degradation
of MB was governed by the photogenerated holes and the hydroxyl
radicals when the ZnO@ZnS core@shell Cu cables were used as pho-
tocatalysts. The degradation of the ZnO@ZnS core@shell Cu cables
(~99%) decreased to ~90%, ~12%, and ~10% in the presence of su-
peroxide radicals, hydroxyl radicals, and hole quenchers, respectively.
In summary, under UV-filtered sunlight irradiation the superoxide ra-
dicals and hydroxyl radicals play a more significant role than holes in
the case of the ZnO Cu cables, whereas the holes and hydroxyl radicals
are more significant than the superoxide radicals for the ZnO@ZnS
core@shell Cu cables.

Based on the above experimental results, a possible mechanism
(Fig. 5d) is proposed for the UV-filtered sunlight irradiation of hairy
ZnO and ZnO@ZnS core@shell Cu cables. Photoinduced electrons and
holes cannot be produced under UV-filtered sunlight irradiation when
pure ZnO and ZnS are used due to their wide band gap (3.37 and
3.54 eV for ZnO and ZnS, respectively) [56,57]. However, experimental
and theoretical studies demonstrated that the formation of ZnO@ZnS
core@shell interfaces leads to important diminution in the band gap

energy of the system due to the interfacial lattice strain that occurs
along the interface of the type II ZnO-ZnS heterostructures
[8,18,43–45,47]. As shown in Fig. 5d, at the interface of the ZnO-ZnS
heterojunction, the photogenerated electrons could be transferred from
the conduction band of the ZnS into the conduction band of the ZnO,
whereas the holes could be transferred from the valence band of the
ZnO into that of the ZnS. This fact hinders the recombination process of
electron-hole (see Fig. 4b) and significantly improves the efficiency of
the interfacial charge separation. Such separation is pivotal to trapping
the holes at the ZnS/water interface, where the hydroxyl radicals can be
efficiently generated. Note that hydroxyl radicals can be generated
mainly via the reaction of photogenerated holes with adsorbed water or
hydroxyl ions; the reaction of superoxide radicals with protons; and the
photolysis of water. Despite the different possible sources of hydroxyl
radicals, the photolysis of water and the reaction of superoxide radicals
with protons, in neutral or alkaline media, are less important than those
obtained via the reaction of photogenerated holes with adsorbed water
or hydroxyl ions [43–45,47]. Due to the low oxidation power of su-
peroxide radicals, it is expected that their main function is the forma-
tion of hydroxyl radicals upon reacting with protons, which may be
more relevant under acidic conditions. Consequently, the exceptional
photocatalytic activity of the hairy ZnO@ZnS core@shell Cu cables can
be attributed to the combined effects of the improved light trapping
efficiency given by the hairy architecture, and the synergistic effect
between the ZnO core and ZnS shell, which induces a substantial re-
duction in the bandgap and the improved separation of the electron-
hole pairs.

To determine whether the photocatalytic system designed in this
work was suitable for real-life practical purposes, a multi-pollutant
solution containing MB, 4-NP, and Rh B was treated using the hairy
ZnO@ZnS core@shell Cu cables (Fig. 6 and Fig. S7). The mineralization
of 2 L of this solution after 320 min of circulation under UV-filtered
sunlight irradiation was found to be equal to 97%. Consequently, the
hairy ZnO@ZnS core@shell Cu cables were demonstrated to be a reli-
able and promising system for the efficient mineralization of persistent
organic pollutants or the total/partial oxidation of other emerging
pollutants due to their excellent UV-filtered photocatalytic activity as a
consequence of their improved light absorption in the visible region and
the effective separation of photogenerated electron-hole pairs at the
ZnO@ZnS core@shell heterojunctions.

Fig. 6. Mineralization of a multi-pollutant solution containing MB, 4-NP, and
Rh B under artificial UV-filtered sunlight (λ > 400 nm) using hairy ZnO@ZnS
core@shell Cu cables (0.35 g L−1) with a flux rate of 0.25 L min−1.
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3.3. Photostability of hairy ZnO@ZnS core@shell Cu cables

Photostability and reproducibility are other key factors affecting the
robustness of photocatalyst synthesis. The reusability was investigated
by repeating the photocatalytic degradation experiments of the single-
pollutant solution of MB for ten runs. After each run, fresh MilliQ-
Millipore water was circulated for 5 min before the reactor was reused
for the next run. The integration of a ZnO-based photocatalyst on the Cu
cables allowed for the reactor to be reused directly without requiring
centrifugation or other methods to recuperate the photocatalyst. As
shown in Fig. 7a, the photocatalytic degradation of MB was virtually
constant with the hairy ZnO@ZnS core@shell Cu cables. However, a
slight reduction in the degradation of the MB was observed after 10
runs with the ZnO Cu cables, likely due to the high photocorrosion
activity of ZnO during irradiation.

To further investigate the photostability of hairy ZnO and ZnO@ZnS
core@shell Cu cables, time-dependent concentrations of Zn(II) and Cu
(II) ions in the circulating water (flux rate of 0.25 L min−1) under 180 h
of artificial UV-filtered sunlight irradiation were spectro-
photometrically determined (Fig. 7b). As shown in Fig. 6b, hairy ZnO@
ZnS core@shell Cu cables exhibited excellent reusability and stability
with negligible photocorrosion (i.e. dissolution of photocatalyst < 2%
after 180 h of continuous irradiation), demonstrating great potential for
long-term mineralization of organic pollutants. Despite of Cu cables
were completely covered with ZnO@ZnS nanowires, the Cu(II) con-
centration was also analyzed. Note that the non-compact architecture of
nanowires might offer free and accessible Cu surface between the na-
nowires, and therefore, liquid (and less probably, light) might interact
with the accessible Cu surface. However, after the sulfidation process, it
would be expected that CuSx would form on the surfaces of the acces-
sible Cu cables. Despite this possibility, there is no experimental evi-
dence to support the surface of the Cu being partially accessible. Im-
portantly, for the hairy ZnO and ZnO@ZnS core@shell Cu cables, Cu(II)
could not be detected during irradiation and fluid circulation over
180 h. On the other hand, the hairy ZnO Cu cables exhibited a relatively
high photocorrosion activity as non-depreciable concentrations of Zn
(II) ions were detected after 180 h of continuous irradiation. Im-
portantly, a small amount of Cu(II) ions was also detected in the mi-
cromolar range, which could be attributed to the Cu leaching after the
dissolution of ZnO. No structural damage was observed by FE-SEM
analysis after the 180 h of continuous irradiation.

3.4. Recyclability

The fabrication of new photocatalysts, as well as the design of
photocatalytic reactors, should adhere to the twelve principles of green
chemistry and the twelve principles of circular chemistry for environ-
mental and sustainable research fields, which include applications such
as water decontamination [8,58]. Cleaner production of photocatalysts
requires the prevention of the production of waste as well as the en-
hancement of efficiency in energy, water, resources, and human capital
usage. Herein, the recyclability of hairy ZnO@ZnS core@shell Cu cables
was explored. After reaching the end of the effective lifetime of hairy
ZnO@ZnS core@shell Cu cables, the remaining photocatalyst and Cu
substrate were removed and cleaned, respectively, by circulating a
0.5 M H2SO4 solution through the silicon tube for 15 min. Following
this, MilliQ-Millipore water was circulated for 5 min to remove the
sulfuric solution, giving freshly recycled Cu wires ready for another
round of sequential chemical deposition of ZnO and sulfidation pro-
cesses to produce fresh hairy ZnO@ZnS core@shell nanowires (Fig. S8).
As shown in Fig. S8, well-defined ZnO@ZnS core@shell nanowires were
deposited on the recycled Cu cables. Thus, the ability to recover Zn(II)
and Cu(II) ions by dissolving with sulfuric acid solution and separate by
factorial crystallization is highly favorable for the synthesis of new
photocatalysts.

Fig. 7. (a) Photocatalyst reusability of hairy ZnO and ZnO@ZnS core@shell Cu
cables (0.35 g L−1) in cyclic photocatalytic degradation experiments (45 min)
of MB for ten consecutive cycles under artificial UV-filtered sunlight
(λ > 400 nm) (flux rate of 0.25 L min−1). Time-dependent concentration of
(b) Zn(II) and (c) Cu(II) ions in the circulating water (flux rate of 0.25 L min−1)
under artificial UV-filtered sunlight (λ > 400 nm) in the presence of hairy (i)
ZnO and (ii) ZnO@ZnS core@shell Cu cables (0.35 g L−1).
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4. Conclusions

A novel, simple, and scalable method for the direct chemical
synthesis of hairy ZnO@ZnS core@shell Cu cables, which can be di-
rectly integrated into a continuous-flow, tubular-type reactor for con-
tinuous sunlight-driven water decontamination, was proposed. This
process was demonstrated to be environmentally-friendly and ad-
dressed key sustainability concerns, providing a circular strategy that
prevented the production of residues and increased the efficiency of
usage of the energy, water, chemicals, and other resources. The pro-
posed strategy is expected to be useful for the design of new reactors for
continuous water decontamination, as no catalyst separation is re-
quired. The obtained hairy ZnO@ZnS core@shell Cu cables exhibited
excellent photocatalytic activity (photocatalytic degradation > 99%
and mineralization > 99%) under artificial UV-filtered sunlight irra-
diation due to the increased surface area, improved visible-light ab-
sorption, and enhanced separation efficiency of photo-generated elec-
tron-hole pairs. The hairy architecture was also pivotal to improve the
light trapping capability. The MB degradation rate of hairy ZnO@ZnS
core@shell Cu cables (14.3 min−1 g−1 under static conditions and
0.13 min−1 g−1 in a dynamic system) was approximately 6.8 times
higher than that of pure ZnO (2.1 min−1 g−1 under static conditions
and 0.02 min−1 g−1 in a dynamic system). The effect of flow rate on the
continuous mineralization of MB is also investigated, indicating that
low flow rates are more efficient for mineralization of persistent organic
pollutants. The formation of a ZnO@ZnS core@shell interface is de-
monstrated as being crucial to diminishing the global band gap energy
of the system due to the interfacial lattice strain that occurs along the
interface of the type II ZnO-ZnS heterostructures. This fact is translated
into an improvement in the efficiency of the interfacial charge se-
paration, which facilitates the formation of hydroxyl radicals, and
minimal photocorrosion activity. The hairy ZnO@ZnS core@shell Cu
cables exhibited high stability (photocatalyst dissolution < 2% after
180 h of irradiation) and were able to be utilized over an extended
duration, which is possibly the major concern pertaining to scalability.
Finally, we demonstrated that the photocatalyst precursors and sub-
strate could be recuperated and reused directly after reaching the end of
the photocatalyst lifetime, thus adhering to circular and green chem-
istry principles for the photocatalyst design.
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