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This paper reports the synthesis and characterization of Cu-doped ZnO nanorods with enhanced
photocatalytic activity in degrading industrial wastewater contaminations. Arrays of the doped nanorods
are grown in the precursor solution using a hydrothermal process at various growth durations and Cu
contents (1% to 15% mol). Results of the synthesis process are analyzed using finite element scanning
electron microscopy (FESEM), energy dispersive X-ray analysis (EDAX), X-ray diffraction (XRD), and
Raman spectroscopy. The optical properties of the photocatalyst are analyzed using photoluminescence
and UV-Vis analyses. EDAX spectra of the synthesized nanorods confirm the presence of Zn, O, and
Cu. The XRD patterns show the typical hexagonal ZnO in the (0 0 2) plane. Meanwhile, FESEM images
show the vertically aligned nanorods in which the geometries of the structure depend on the growth time.
In addition, Cu doping on ZnO affects the physical dimension of the rod structure and the optical
properties of the ZnO nanorods. Compared with pristine ZnO, the ZnO/Cu nanorods have approximately
44% shorter length and approximately 36% higher diameter. The Cu doping also enables photon
absorption in the visible light spectrum to improve photocatalytic activity. Photocatalytic degradation
test results show that the highest methylene blue reduction of 97% is obtained using ZnO nanorods doped
with 4 mol% Cu under 30 W UV exposure. The developed photocatalyst system could improve human
health and environmental quality.
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1. INTRODUCTION

Many industries, such as textile, printing, pharmaceutical, leather, food, and cosmetics, discharge
approximately 10%-15% of synthetic dyes as waste products in open areas, such as rivers, lakes, and
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landfills. This large amount of liquid waste contains toxic compounds that exert harmful effects, such as
hemorrhage, skin irritation, nausea, and skin ulceration, on humans and cause environmental pollution
[1-3]. As an example, processing 12—20 tons of textiles releases approximately 1000-3000 m? of
effluents every day, and this waste contains high concentrations of dyes, such as methylene blue (MB)
and methyl orange, and various metals, such as Cd, Cr, Pb, and Ni [4, 5].

Industrial wastewaters have been treated using chemical approaches, including active carbon
adsorption [6, 7], chemical precipitation and separation [8], and coagulation [9]. However, these methods
cannot destroy the chemical bond of organic contaminants completely. In addition, the undegraded
products would be transformed into another contaminations phase and require posttreatment processes.
This phenomenon increases the process cost in degrading industrial contaminants [10]. Advanced
oxidation through the photocatalytic process are an effective alternative. This approach can mineralize
the organic contaminants present in wastewater and destroy the complex structure using short-lived,
highly oxidizing chemical species through the photochemical process [11].

Some metal oxide semiconductor materials, including ZnO, TiO2, SnO2, In203, WO3, and Fe203,
have been investigated and used for various optoelectronic applications, especially as photocatalysts [12-
15]. Among those materials, ZnO semiconductors have better efficiency in degrading organic
contaminants than other metal oxides because of their wide direct bandgap, room-temperature
photoinduced electron—hole pairs, large exciton binding energy of approximately 60 meV at 300 K, and
excellent chemical and thermal stabilities [16, 17]. Table 1 shows the current ZnO photocatalyst
performances and their implementation in MB degradation.

Table 1. Photocatalytic performance of ZnO-based photocatalysts.

Material Eg [eV] Contaminant Photocatalytic Reference
performance
Fe—ZnO nanoparticles 3.2-3.37 eV~ Methylene blue (MB), 86%, [18]
92%
ZnO 3.2-3.37 eV Methylene blue (MB), 10% [19]
nanowire
ZnO 2.2-29eV  Methylene orenge, 50% [20]
nanoparticles Methylene blue (MB), 15%
~27%

ZnO in the form of nanoparticles has several advantages, such as high surface reactivity to
increase efficiency in generating hydroxyl ions and strong oxidation power to degrade organic
compounds under UV irradiation [21]. However, the main drawbacks of the nanoparticles are particle
agglomeration due to particles floating in the solution during the photocatalytic reaction and the
requirement for a separation process between wastewater and ZnO nanoparticles. The low photocatalytic
activity of ZnO as the turbid wastewater and the complex method of filtration of nanosized inorganic
particles limit the photocatalytic efficiency during aqueous-phase pollutant degradation on an industrial
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scale [22]. Furthermore, nanoparticle photocatalysts cause secondary pollutants and transform into other
carcinogenic, mutagenic, and toxic compounds after degradation [23].

These problems have encouraged researchers to build robust, stable, and reproducible
photocatalytic processes by implementing static ZnO nanorod (NR) structures [24]. In addition, the
efficiency of metal-semiconductor photocatalysis can be further improved by modifying the material’s
properties through doping, which increases absorption at a broad wavelength spectrum range, improves
electron transfer by promoting the effective generation of electron-hole pairs, and reduces electron—hole
recombination [25, 26].

Some other researchers have implemented doping using rare-earth ions [27], transition metals
such as Ag-ZnO [28, 29], Au-ZnO [30, 31], Al-Zn0O [32-34], and ZnO coupled with other metal oxides
(e.g., ZnO-TiO2 and Zn0O-Sn0O2) [12, 13, 35]. The material modifications improve the device in various
applications, such as gas sensors [36], light-emitting diodes [37], solar cells [30, 38], nanogenerators
[39], and field-effect transistors [40].

In the present study, ZnO NRs were synthesized using the hydrothermal method, which is simple,
cost efficient, and allows flexible morphology control [41]. The synthesized ZnO/Cu NRs were
characterized, and the effect of Cu doping on the ZnO NRs in degrading organic contaminants was
analyzed. The doping was aimed at reducing the bandgap and enlarging the light spectrum. Cu as a
dopant to ZnO was used because of its advantages, including excellent optical properties, in the green
emission band, which can activate ZnO NRs within the visible range spectrum [42, 43]. Moreover, the
atomic radius of Cu2+ closely matches with that of Zn2+, which makes it easy to substitute to the ZnO
lattice [44]. Incorporating Cu in ZnO enhances the photogeneration of electron-hole pairs and effectively
inhibits the electron—hole recombination to improve the photocatalytic effect of the NRs. [45-47].
Meanwhile, implementing the static NRs would increase the light absorption capability with
recyclability for repeatable photocatalysis.

2. MATERIALS AND METHODS

2.1. Material Preparations

ZnO/Cu NRs were synthesized using a hydrothermal process. Glass slides served as the substrate.
Analytical reagents, such as ZnAce dehydrate (Zn(CH3COOQ)2-2H20, methanol, and NaOH, were used
as precursor sources to prepare the seed layers. Hexamethylenetetramine (HMTA; C6H12N4), zinc
nitrate hexahydrate (Zn(NO3)2:6H20), and copper nitrate powders Cu(NOs)2 were used to grow ZnO
NRs. MB solution was used as the contaminant sample.

2.2. Synthesis of ZnO NRs

Figure 1 shows the schematic of the process flow, and Table 2 lists the synthesis parameters
investigated, included doping composition and growth time, which exert the most significant effects on
the NRs as previously reported [48, 49].
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Figure 1. Schematic of ZnO/Cu NR growth.

The process was mainly conducted in three phases, including the dispersion of ZnO nanoparticles
using the solgel process, the seeding of nanoparticles, and the growth of NRs. The process started with
substrate cleaning in deionized (DI) water and ethanolic solution using an ultrasonic bath for 15 min at
50 °C. The sol—gel was prepared with 10 mM ZnAc and then stirred at 60 °C with a speed of 600 rpm
for 30 min. Meanwhile, a 10 mM NaOH diluted in methanol solution was prepared in another beaker
glass. Then, the sodium hydroxide was dropped and mixed with the precursor solution of ZnAc to reach
pH 11 until the solution gradually turned from clear to a milky solution. Finally, the mixed solution was
stirred for another 2 h to form a clear and homogeneous solution. The detailed description to grow ZnO
NRs can be referred in our previous work [50].

Table 2. Hydrothermal growth parameters of ZnO/Cu nanorods.

Cu composition  Growing  Growing

Process sequence Chemical solution in precursor  temperature time Annealing
[%omol] [°C] [h]
20 sol.qel  ZN(CH3CO0)2 2H20
g Methanol (NaOH) N/A N/A N/A N/A
preparation
- 0
Seed I_ayer ZnO_soI gel _ N/A N/A N/A 350 °C,
coating nanoparticle solution 1h
: C6H12N4 (HMTA) 0 (no doping) 0
Z”%grg‘(’)"t?nw'th Zn(NO3)2-6H20) 1;2:3: 4; 90 °C 2:3:6 35? hC'
ping Cu(NOs)2 powder 5:10: 15

The following process is the coating of the seed layer using a spin coater. In this process, 50 ul
of THE prepared sol-gel was dropped on top of a cleaned glass substrate with a speed coating of
3000 rpm for 30 s. The coated substrate was then placed on a hot plate at 100 °C for 10 min. This process
was repeated for the dense and homogeneous nanoparticle distribution on the substrate surface followed
by annealing in the furnace at 350 °C for 1 h.

The final step of the synthesis process was the hydrothermal growth of Cu-doped ZnO NRs. The
growth of ZnO NRs started by mixing 25 mM zinc nitrate with the equimolar of HMTA in DI water.
This precursor solution was mixed using a magnetic stirrer at 60 °C with a rotation speed of 600 rpm for
1 h. Then, the Cu-doped ZnO NRs were grown by mixing zinc nitrate (25 mM) with the equimolar of
HMTA and Cu(NOs)2 powder with Cu composition in the precursor solution by molarity ratios ranging
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from 1% to 15% mol. Subsequently, this solution was transferred onto a pre-coated substrate followed
by a growth process at 90 °C in an electric oven (Memmert Steriliser SN30, Germany) for 2, 3, and 6 h.
In addition, Cu-doped ZnO NRs were grown for 6 h. Then, the grown ZnO NRs in the substrate were
washed using DI water to remove the excess salt and residues. Finally, the ZnO NRs were annealed in
the furnace (Thermcraft Inc. Winston-Salem, NC) at 350 °C in ambient air for 1 h to remove organic
contaminants.

2.3. Characterization and Photocatalyst Test Setup

In this study, the morphology and structure of the synthesized NRs were studied using a Merlin
field-emission electron microscope (FESEM). ZnO/Cu content was detected using energy dispersive X-
ray (EDAX) spectroscopy, and X-ray diffraction (XRD) was used to study the crystallography structure
of ZnO/Cu. A Raman spectrometer with a laser power of 3.5 mW was also used to examine the
crystallinity of the NRs, whereas the photoluminescence of ZnO/Cu was measured using a PL
spectrometer (Edinburgh Instrument FLS920). The optical absorption spectra of the samples were
analyzed in the optical wavelength range of 350-800 nm using a UV-Visible spectrometer.

The functionality of the synthesized NRs was tested. The photocatalytic study of Cu-doped ZnO
NRs and pristine ZnO NRs was performed by monitoring the degradation of MB under UV light
illumination (18 W, 3 h). In this photodegradation test, the synthesized NRs on a glass substrate were
placed in 5 mL of 0.05 mM MB solution. The sample substrates include the pristine ZnO and Cu-doped
ZnO0.

Photocatalytic activity tests of the undoped and Cu-doped ZnO NRs were run three times to study
the stability of the synthesized photocatalyst and the durability of the nanostructure’s adhesion on glass
substrate after immersing in the solution for a long period.

3. RESULTS AND DISCUSSION

3.1. FESEM Analysis

Figure 2 shows the FESEM results of the initial ZnO NRs grown without any doping. The growth
times were varied (2, 3, and 6 h) with a constant growth temperature of 90 °C. The NR structure grew
in a vertical direction with a slightly tilted orientation because of the quality of the glass surface and the
homogeneity of the dispersed nanoparticles on the seed layer. The grown NRs had a hexagonal crystal
structure, which met the ZnO crystal specification reported previously [51]. Figure 2(a,d,g) shows the
top view of the ZnO NRs, revealing that rod diameters within the range of 20-90 nm were obtained. For
growth time at 6 h, the maximum NR diameter of 64 nm was observed. As shown in Figure 2(c,f,i), the
size-frequency distribution of the ZnO NRs diameter increased with increasing growth duration.
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Figure 2. FESEM photographs of the top view with a cross-sectional view and diameter size of undoped
ZnO nanorods grown at 90 °C, (a,b,c) for 2 h, (d,e,f) for 3 h, and (g,h,i) for 6 h.

Meanwhile, the length of the grown ZnO NRs increased with increasing growth duration, as
shown in Figure 2(b,e,h). The length of the grown NRs doubled in size when the growth time doubled,
which were 1.266 and 3.028 pum for 3 and 6 h growth, respectively.

Figure 3 shows the FESEM results for ZnO grown with Cu doping. Our initial analysis was
performed on the ZnO samples grown with Cu at 4%, 5%, and 15% compositions at the growth
temperature of 90 °C for 6 h. Cu doping significantly affected the physical structure of the NRs. The
diameter of ZnO NRs increased with increasing copper composition. The diameter increased from 60
nm to average 90 nm for the pristine ZnO NRs and Cu-doped ZnO NRs, respectively. Meanwhile,
Figures 3(b,e,h) shows that the length of the Cu-doped ZnO NRs decreased with increasing Cu content
in the precursor.
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Figure 3. FESEM images of top view with cross-sectional and size distribution of grown view of grown
ZnO nanorods with Cu precursor composition of 4 mol% (a,b,c), 5 mol% (d,e,f), and 15 mol%
(9,h,i) at the growth temperature of 90 °C for 6 h.

In addition, Figure 3(g,h,i) shows that the diameter and length ZnO grown for 6 h with 15% Cu
in the precursor considerably differed with the undoped ZnO. The length of ZnO doped with 15 mol%
Cu in the precursor was approximately 1.7 um (Figure 3h), which was 44% shorter than that of pristine
ZnO (Figure 2h). The average diameter distribution was observed at approximately 87 nm (Figure 3i),
which was approximately 36% higher than that of pristine ZnO (Figure 2i). The results indicated that
the incorporation of Cu into ZnO NRs affected the dimension of the grown structure.

The length of the NRs plays an essential role in photon absorption capability. The optimum
length and diameter of the rod structure are preferred to enhance photocatalytic activity. A long and large
NR structure prevents light penetration, reducing the accident light on the surface [28] and exhibiting
the contaminant reaction with the photocatalyst [52, 53].
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3.2. EDAX and XRD Analyses

Figure 4 shows the EDAX analysis of the initial Cu-doped ZnO NRs, confirming the presence
of ZnO and Cu. The two highest peaks belonging to Zn and O and the existence of Cu occupied a small
portion in the EDAX spectrum. The chemical composition of the Cu-doped ZnO NRs is shown in
Figure 4(a,b, and c), which indicates the presence of Cu doped in the ZnO at 0.7, 1.3, and 2.8 wt% for
the sample prepared using Cu precursor solutions at 4%, 5%, and 15% mol, respectively. This result

indicates that the composition of Cu doped in ZnO NRs increased with the Cu amount in the precursor
solution.
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Figure 4. EDAX results of (a) ZnO with Cu composition in the precursor of 4 mol% at 6 h growth, (e)
ZnO with Cu composition in the precursor of 5 mol% at 6 h growth, and (f) ZnO with Cu
composition in the precursor of 15 mol% at 6 h growth.

Figure 5(a) shows the XRD patterns of pristine ZnO (undoped) and ZnO/Cu NRs, which reveals
the main peak of the samples at (1 0 0), (0 0 2), and (1 0 1). The analysis result indicates the hexagonal
structure of ZnO. The sharp peak in the (0 0 2) plane indicated that the ZnO NRs samples grew
perpendicular to the glass substrate and achieved a good crystal quality [54].

Moreover, no copper peak was found in the XRD pattern detected, indicating that the doping of
Cu into the ZnO NR lattice did not change the ZnO crystalline structure [55]. The intensity of the peak
indexed to the (0 0 2) plane decreased with the increase in Cu content. In addition, the peak in (0 0 2)
shifted to a higher angle as the Cu content in ZnO was increased. This result can be ascribed to the
extrinsic doping of ZnO in the crystal strain [54, 56].
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Figure 5. XRD pattern of grown ZnO when doped with copper

3.3. Raman Analysis

Figure 6 shows the structure crystallinity of ZnO NRs on glass substrates analyzed using the
typical Raman scattering. Initially, the undoped samples grew at various durations (2, 3, and 6 h), as
shown in Figure 6(a). Then, the ZnO samples grown for 6 h with Cu composition from 5 mol% up to
15 mol% in precursor solution were studied using Raman spectroscopy, as shown in Figure 6(b).
Theoretically, the Brillouin zone with six active optical phonon modes of ZnO provides information
about the crystalline structure of grown ZnO NRs [57]:

Type = E2 + E2y + Aly + A1, + E1p + E1,, (4)

where E2y and E2, represent the sublattice vibration of Zn and O atoms, respectively.

Initial analysis on the undoped ZnO in Figure 6(a) shows two major peaks E2 (high) and E2
(low) linked to the vibration of the heavy Zn sublattice and the oxygen atoms, respectively. These two
nonpolar components associated with the low frequency of the LO and transverse optical components
of different frequencies are part of the two polar branches Al and E1, respectively [57]. The dominant
and sharp peaks at approximately 96 and 433 cm™! were observed, which corresponded to the intrinsic
characteristics of the Raman active E2 (low) and E2 (high) modes of the hexagonal wurtzite ZnO. The
sample exhibited the Raman active E2 (high) phonon mode at 433 cm™?, which shifted to approximately
4 cm~! compared with the standard E2 (high) phonon mode in the standard ZnO dataset (437 cm™1).
This shift can be attributed to the compressive stress in the ZnO NR sample, which causes oxygen
vibration [58].

Raman spectra in Figure 6(a) revealed that the Raman intensity increased with prolonged growth
time. Moreover, Cu doping into ZnO NRs affected not only the intensity but also the shifting of the
Raman active mode, as represented in Figure 6(b). The Cu doping contributed to the diameter change of
ZnO NRs, thereby confirming the FESEM image in Figure 3. The Raman intensity increased
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significantly with increasing Cu doping concentration because of the change in NR size [59, 60].
Moreover, the Raman peaks shifted slightly from 433 cm™? to 435 cm™? for the undoped ZnO NRs and
ZnO/Cu NRs, respectively. This shift in peaks toward a higher wavenumber in the Raman spectra can
be ascribed to the strain of the crystal lattice. Thus, Cu changed the chemical bond length in the ZnO
lattice. This result indicates the successful Cu incorporation into ZnO NRs [61]. No Raman peaks of
CuO or Cu20 appeared in the spectrum. Cu doping did not change the crystal structure of ZnO NRs [62,
63].

The peaks related to Raman active phonon modes were observed as second-order and A1(TO) at
approximately 330 and 380 cm™, respectively [64]. In addition, other peaks were detected at ~586 cm™,
which was linked to E1(LO) when Cu was doped into ZnO NRs, because of defects such as oxygen
vacancies and resonance combination of zinc atoms in the ZnO crystal lattice at the excitation
wavelength [58].
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Figure 6. Room-temperature Raman spectra (a) of the as-grown ZnO NRs various growing duration,
and (b) ZnO with Cu composition in precursor of 5, 10, and 15 mol% grown for 6 h.

3.4. Optical Property Analysis

The optical properties of the synthesized NRs were initially studied using PL spectroscopy.
Initially, the Cu-doped ZnO NRs with Cu content varying from 5 to 15 mol% were taken for analysis.
Figure 7 shows the PL spectra of the ZnO/Cu NRs measured within the 350-800 nm wavelength range.
Cu doping into ZnO with different concentrations affected the luminescence spectra. The luminescence
intensity of the doped ZnO samples was higher at all visible light spectra than the undoped ZnO. The
higher intensity was due to the different volume-to-diameter ratios of grown ZnO NR structures and
other factors, such as donor—acceptor pair transition, doping defect state, zinc interstitial, and oxygen
vacancy [65, 66].
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The spectra peak in the UV range presented in this result was approximately ~398 nm, which is
known as exciton recombination due to the transition of the donor—acceptor pair. The other peaks
observed in a broad visible optical spectrum at approximately 465 nm (deep-level emission or blue
emission band), 520 nm (green emission band), 604 nm (orange emission band) were caused by the
recombination of the electrons with a deeply trapped hole in the oxygen vacancy or can be linked to zinc
ions of ZnO nanomaterials [17, 67]. Cu2+ affects the internal structure of the zinc site and induces more
defect states or deep trap energy levels between valence and conduction bands [68, 69]. Moreover, the
PL intensities of the green and orange emission bands for undoped ZnO NRs are still considered high
because of the more surface oxygen vacancies of the ZnO NRs [70].
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Figure 7. PL spectra of undoped ZnO nanorods, ZnO with Cu composition in precursor of 5%, 10%,
and 15% mol.

To study further the effect of the Cu composition on the optical property of the ZnO NRs, the
sample specification to be analyzed was extended with smaller Cu contents varying from varied from 1
up to 5 mol% Cu and measured using UV-Vis spectroscopy within the wavelength range of 350-800
nm.

As shown in Figure 8(a), all grown samples showed strong absorption in the UV spectrum, which
can be attributed to the high optical quality of the grown ZnO NRs. The absorbance capability of the
undoped ZnO NRs reduced significantly in the visible light. The Cu-doped ZnO revealed relatively
higher absorptions and lower transmittances in all regions than the undoped ZnO. This result can be due
to the large defect that increased the absorption in the visible region and reduced the transmittance. The
variation in doping concentration significantly affected the optical property of the ZnO NRs. These
characteristics indicated that Cu doping of the ZnO NRs enlarged their absorption capability to a visible
wavelength range, which further improved their photocatalytic activity.
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Figure 8. UV-Vis spectral analysis, (a) Absorbance and (b) transmittance of undoped ZnO nanorods,
Cu concentrations of 3, 4, 5, 10, and 15 mol% at 6 h growth time.

Figure 9(a) shows the bandgap value of ZnO measured using UV-Vis spectrum analyzer and
further calculated using Tauc plot (absorption versus energy) to obtain the energy gap value [71].
(ohv)2 = A(hv-Eg)n (5)

where a is the absorption coefficient of the material, hv is the photon energy, Eg the optical band
gap, and n=1 for direct transition and is a constant.
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Figure 9. UV Vis spectrum analysis, (a) Tauc plot of various Cu-doped ZnO materials, (b) Analysis of
energy gap ZnO nanorods with various copper doping contents in the precursor solution.
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Analysis using Tauc plot agrees with the report of Beura et al. [72] about the two ways of bandgap
reduction, namely, quantum size effect and electronic structure modifications. Therefore, Cu doping on
ZnO is expected to modify the electronic structure of ZnO NRs and reduce its bandgap value, as shown
in Figure 9(b). The bandgap energies estimated from the Tauc plot show that the Eg of the Cu-doped
ZnO was approximately 3.07 eV, which was lower than the value reported previously [34, 58]. The
bandgap can be reduced by decreasing Cu doping content.

3.5. Photodegradation Test

A photodegradation test of MB dyes under UV radiation was performed with the applied power
of a UV lamp of 18 W for 3 h irradiation to study the photocatalytic activity of the synthesized NRs. The
MB photodegradation test results were then analyzed using UV-Vis spectroscopy at the wavelength
range of 300-750 nm.

The photodegradation test was run for three cycles. The three-cycle test aimed to observe the
recyclability of ZnO NRs and to measure the photocatalyst degradation capability. The initial sample
was the MB solution without photocatalyst, and other samples included the undoped ZnO and doped
ZnO with all studied Cu compositions in the precursor. The photodegradation efficiency of the ZnO NR
photocatalyst was calculated using the following equation [73]:

Degradation (%) = C";C X 100, (6)

C

where Co represents the initial concentration of MB before irradiation with the ZnO NR
photocatalyst and C describes the concentration of MB after irradiation. Figure 10 shows the UV-Vis
analysis for the photodegradation test of the MB solution tested in multiple cycles: 1st cycle (Figure
10(a)), 2nd cycle (Figure 10(b)), and 3rd cycle (Figure 10(c)). In general, all samples containing Cu-
doped ZnO NRs revealed better photodegradation performance than the pristine ZnO NRs. The
capability of the photocatalyst to degrade MB decreased after the third cycle. This result can be ascribed
to the fact that the MB attached permanently in the ZnO NRs after the first cycle, even after flushing the
chamber with DI water. This condition prevented the light from reaching the ZnO NRs, hence reducing
the photocatalytic activity. Moreover, ZnO with 4 mol% Cu in the precursor revealed the highest
degradation of MB concentration in the solution.
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Figure 10. Photodegradation test of MB irradiated without catalyst, pristine ZnO, and doped ZnO with
Cu contents of 1%, 2%, 3%, 4%, 5%, 10%, and 15% in the precursor solution in multiple cycles:
(@) 1st cycle, (b) 2nd cycle, (c) and 3rd cycle.

Observation on long-term photocatalytic process (for 14 h) showed that Cu-doped ZnO showed
much better performance on MB degradation with prolonged irradiation time, as shown in Figure 11(a).
Figure 11(b) shows the Kkinetic degradation k of MB after the photocatalytic process with the ZnO/Cu
NRs for 3 h to 14 h of the duration test. The k value was calculated as previously described to analyze
how fast the contaminants can be reduced [74]. All samples of ZnO with Cu doping produced a better
MB degradation rate higher than 0.035 k min’. The k value increased with the Cu composition, reached
the maximum value at the Cu composition of 4%, then decreased with as Cu composition was further
increased.

After multiple tests and a long-term photocatalysis process, a MB degradation rate of 35% was
obtained by sample ZnO with 4 mol% Cu in the precursor solution, as shown in Figure 11(c). At the end
of the functionality test, the samples were exposed with a high UV light intensity of 30 W. The results
showed that the intensity significantly affected the degradation process. An increase in degradation rate
of 177% was obtained with the maximum degradation rate of 97%, which is higher than the performance
of the ZnO NP photocatalyst [19].

To analyze the stability of the ZnO/Cu catalyst after the degradation test of MB, the material
properties of the multicycle tested sample were then analyzed. Figure 12 provides the XRD result of the
undoped ZnO NR and Cu-doped ZnO after three-time recycling photodegradation test and their
comparison with the initial ZnO/Cu photocatalyst (before the test). The crystal structure of the ZnO NRs
was not affected after immersion in organic contaminants and after exposure to UV light for 3 h. The
main peak intensity of the samples at (100), (102), (101),(102),and (10 3) remained the same.
However, the main peak intensity at (0 0 2) was reduced after multiple degradation processes. This result
may be attributed to the attachment of MB on the photocatalyst surface.
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Figure 11. Stability test of MB degradation, (a) Irradiated without catalyst, pristine Zn, ZnO with Cu
contents of 1, 2, 3, 4, 5, 10, and 15 mol% grown for 14 h, (b) Kinetic degradation k of MB after
photocatalytic process with ZnO/Cu NRs for 3 h to 14 h of duration test (c) Photocatalytic
performances of ZnO/Cu NRs for MB degradation after three cycling tests for 3 and 14 h and
photodegradation test under 30 W UV exposure.
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Figure 12. XRD results of undoped ZnO nanorods and 4 mol% Cu-doped ZnO before and after three

cycling degradation processes.

4. CONCLUSION

Vertically aligned ZnO-based NRs were successfully prepared using a hydrothermal method.
The synthesized material incorporated the copper doping that is aimed to enhance the photocatalytic
activity. The initial process attempts of pristine ZnO showed that the NR length and diameter increased
with the growth duration. Maximum rod’s length and diameter of approximately 3028 and 65 nm,
respectively, were obtained after 6 h growth. Typical hexagonal structures of ZnO NRs were obtained,
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as shown by FESEM images. The Cu-doped ZnO had 44% shorter length and approximately 36% higher
diameter than pristine ZnO. The EDAX and XRD analyses confirmed the presence of Zn, O, and Cu in
the grown NR samples. The addition of Cu doping enlarged the light absorption in the visible light
spectrum. Moreover, the bandgap energies estimated from the Tauc plots showed that Cu doping reduced
the bandgap. UV-Vis analysis on the degradation of the MV dyes in solution illuminated under UV light
showed that the reduction of the MB dyes of approximately 35% had been shown by the ZnO doped
with 4 mol% Cu for 6 h. By increasing the intensity power, a maximum reduction of MB of 97% could
be obtained. Therefore, Cu doping on ZnO significantly enhanced the photocatalytic activity of the ZnO-
based NRs and improved the degradation of organic contamination of industrial wastewater. The
developed material may be commercialized for the treatment of textile and food industry waste products,
which would benefit human health and improve environmental quality.
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