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ABSTRACT: The production of effective visible-light (VL) 1.0]

photocatalysts for the elimination of noxious organic pollutants 058

from wastewater has attracted considerable interest owing to .06

increasing awareness worldwide. Despite the large number of S 0.4] —NZOCN
photocatalysts reported, the selectivity and activity of photo- " :g:g

catalysts still need to be developed. The goal of this research is to 0.0] Photolysis

eliminate toxic methylene blue (MB) dye from wastewater through 30 0 10 20 30
a cost-effective photocatalytic process using VL illumination. A Time (min)

novel N-doped ZnO/carbon nanotube (NZO/CNT) nano-
composite was successfully synthesized via a facile cocrystallization

£ % Toxic <
w0 uollutants '?_-,\ .
method. The structural, morphological, and optical properties of lu 3
the synthesized nanocomposite were systematically investigated. plockes
The as-prepared NZO/CNT composite exhibited remarkable
photocatalytic performance (96.58%) within 25 min of VL irradiation. The activity was 92, 52, and 27% greater than that of
photolysis, ZnO, and NZO, respectively, under identical conditions. The enhanced photocatalytic efficiency of NZO/CNT was
attributed to the N atom and CNT involvement: N contributes to narrowing the band gap of ZnO, and CNT captures the electrons
and maintains the electron flow in the system. The reaction kinetics of MB degradation, catalyst reusability, and stability were also
investigated. In addition, the photodegradation products and their toxicity effects in our environment were analyzed using the liquid
chromatography—mass spectrometry and ecological structure activity relationships programs, respectively. The findings of the
current study demonstrate that the NZO/CNT nanocomposite can be utilized to remove contaminants in an environmentally
acceptable manner, thereby providing a new window for practical applications.

o

1. INTRODUCTION

The amount of harmful pollutants in the atmosphere has
significantly increased as a result of increased industrial activity
during the past few decades."”” Environmental contamination is
now a major threat to both human health and aquatic life.®
Organic pollutants present in aquatic ecosystems, such as
colorless organic debris antibiotics and colored dyes, are
extremely hazardous. Colored dyes are mostly heterocyclic
chemical compounds with sulfonic groups and N=N linkages
in the structure. Among them, methylene blue (MB), an
organic dye, is one of the most frequently employed colorants

Numerous dye treatment techniques have been used to
completely mineralize dyes, including photocatalytic degrada-
tion, biodegradation, electrolysis, ozonization, ion exchange,
reverse osmosis, adsorption, chemical oxidation, and coagu-
lation. However, unfortunately, most of these techniques are
nondestructive and merely transfer contaminants from one
form to another.” Among these approaches, the advanced
oxidation process by heterogeneous photocatalysis of semi-
conductors is suitable as a green and sustainable process for
converting a variety of inorganic contaminants and organic
dyes into environmentally friendly products. In addition, it

in different industries.* The industry has used dyes extensively,
resulting in the production of a significant amount of dye
wastewater released into waterbodies without treatment.’
People who are exposed to MB experience severe health
issues, and it severely harms aquatic life.” This indicates that
dye-containing water must be treated before being released
into the environment. However, owing to the complex
structural properties of the dye molecules, their degradation
is challenging.
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requires no hazardous, toxic, or environmentally harmful
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substances and is simple and cost-effective.
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Metal oxide semiconductors have demonstrated decent
photocatalytic activity when exposed to visible light (VL) and
have been utilized to convert toxic organic dyes into nontoxic
forms. Recently, ZnO, CeO,, In,0;, WO;, and TiO, metal
oxide nanoparticles have been widely used to degrade
contaminants.”~ "> Among them, ZnO semiconductor photo-
catalysts are preferred as the first choice because of their high
quantum efficiency. It also has several unique benefits,
including stability, high photocatalytic activity, and low
cost.!371° However, ZnO semiconductors are ineffective
under VL illumination and are only useful when exposed to
UV light because of their wide band gap (~3.37 V). Thus,
when ZnO is used as the catalyst, the amount of sunlight that
can be utilized is limited for the photocatalytic process, and
only 3—5% of the UV light that reaches the earth is useful. In
addition, quick photogenerated electron—hole (e”—h") pair
recombination of ZnO must also be resolved for its
application.'*'® Therefore, reducing the band gap to enable
absorption in the visible range and preventing photogenerated
e"—h" pair recombination have been popular topics among
researchers in recent years.

Several approaches have been developed for improving the
photocatalytic activity of ZnO. Metals and nonmetals have
been incorporated into ZnO to change the light absorption in
the VL range or increase the catalytic activity. Nonmetal ion-
doped ZnO has recently gained considerable interest as a
photocatalyst because of its photogenerated charge carrier
transfer ability and increased light absorption.'”'” Nitrogen
(N) appears to be a promising dopant among nonmetal
elements because of its similar size to oxygen (O) and lower
electronegativity to O.”'® Different methods have been
developed to synthesize N-doped ZnO (NZO), including
high-energy milling, pulsed laser deposition, spray pyrolysis,
reactive magnetron sputtering, chemical vapor deposition
(CVD), wet chemical processes, hydrothermal processes, and
the sol—gel process.'*~>° Another approach is to enhance the
photocatalytic performance of ZnO coupled with carbon
nanotubes (CNTs). ZnO nanoparticles have been successfully
bonded to the surfaces of CNTs in several studies. Owing to
their distinctive mesoporous surfaces and strong chemical
stability, CNTs offer substantial electrical and conductive
properties that allow for the physical adsorption of
contaminants.”®”” CNTs have several exceptional benefits,
including excellent electrical and conductive capabilities,
robust adsorptive capacity, and superior chemical durability.
In addition, CNTs have a high electron storage capacity, which
can accept the photogenerated electrons of ZnO at the ZnO—
CNT heterojunction interface, thus enhancing photocatalytic
performance.'®

Herein, we propose a novel NZO/CNT nanocomposite,
which is synthesized via a simple approach and used to remove
organic dyes from wastewater. Three distinct components (N,
ZnO, and CNTs) were effectively incorporated into the NZO/
CNT composites. The photocatalytic activity of the
composites was excellent under VL because of the advantages
from each component. First, the incorporation of N into ZnO
(NZO) reduces its band gap, which enhances its catalytic
efficiency. Subsequently, NZO was combined with CNTs
(NZO/CNT composite) to increase its activity. The NZO/
CNT composite demonstrated enhanced catalytic efficiency
under VL. A heterojunction was created between NZO and
CNTs when they were combined. Therefore, a decrease in the
recombination of e —h* pairs leads to an increase in the

electron transport rate, which improves the photocatalytic
efficiency. The photocatalytic efficiency of NZO/CNT for MB
deterioration was higher than those of ZnO and NZO. The
photocatalytic effectiveness of NZO/CNT was not signifi-
cantly affected after five successive cycles, suggesting its
exceptional stability and reusability. A deterioration mecha-
nism of the nanocomposite was proposed. In addition,
photocatalytic degradation products and their toxicities were
investigated. To the best of our knowledge, a similar approach
for preparing NZO/CNT composites and their present
applications has not been reported to date.

2. MATERIALS AND METHODS

2.1. Materials. Zinc acetate dihydrate [Zn(CH;COOH),
2H,0, 99.0%], single-walled CNT (>90%), ethyl alcohol
(C,H,OH, 99.5%), sodium hydroxide (NaOH, 97%), hydro-
chloric acid (HCI, 37%), formic acid (HCOOH, 98—100%),
and acetonitrile (CH3CN, >99.5%) were obtained from
Sigma-Aldrich (St. Louis, MO, USA). Ammonia gas (NH,,
99.99%) was obtained from Hankok Special Gases Co.
(Korea).

2.2. Synthesis of N-Doped ZnO/CNT. NZO/CNTs were
fabricated using a simple cocrystallization technique. First,
ZnO and NZO were prepared via simple and affordable
methods.”® Subsequently, NZO was used to manufacture
NZO/CNT products. ZnO was produced using a modified
thermal technique. A quartz crucible was filled with 3 g of zinc
acetate dihydrate, and it was covered with a lid in a
conventional experiment to produce ZnO. An oxygen-free
copper gasket was used to seal the crucible in a stainless-steel
chamber (SUS314; length: 60 mm and diameter: 35 mm). A
furnace (KSL-1100X-S-UL-LD, USA) was used to heat the
compartment for 8 h at 400 °C at a S °C min~" heat-up rate.
The furnace was allowed to cool to room temperature without
being touched after thermolysis to produce ZnO homoge-
neously and consistently. Subsequently, N was doped onto the
already produced ZnO using CVD. In this experiment, 500
sccm each of NH; and Ar gases was applied to the freshly
synthesized ZnO for 1.4 h at 500 °C. The NZO powder was
stored in a sealed bottle for later use. Finally, 0.0250 g of
CNTs was dispersed in 200 mL of ethanol for 60 min at room
temperature (25 °C) using ultrasonication. Subsequently,
0.2000 g of NZO was added to the dispersion. The resulting
suspension was swirled magnetically for 360 min at 25 °C at a
speed of 1000 rpm. The NZO/CNT nanocomposite was then
extracted from the sample by allowing it to rest for 360 min. It
was then separated using filter paper. The specimen was dried
at 60 °C overnight after being cleaned with distilled water and
ethanol, and it was then placed in an airtight vial for future use.

2.3. Characterization. X-ray diffraction (XRD, PANalyt-
ical, X'Pert PRO, Netherlands) was used to analyze the
structural features of the investigated compounds. Cu Ka
radiation (4 = 1.5406 A) was used to record the XRD patterns.
The chemical composition, binding energy, and oxidation state
of the NZO/CNT composite were analyzed using a Thermo
Fisher Scientific NEXSA X-ray photoelectron spectroscopy
(XPS) system. Field-emission scanning electron microscopy
(FE-SEM; SU8230, Hitachi, Japan) was used to investigate the
morphological features. Energy-dispersive X-ray spectroscopy
(EDS) was used to examine the elemental composition using
an apparatus mounted on a field-emission scanning electron
microscope. Transmission electron microscopy (TEM) and
high-resolution TEM (HR-TEM, JEM-2200FS, Japan) were
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Figure 1. XRD patterns of the (a) CNT, ZnO, NZO, and NZO/CNT composites and (b) magnified scale of the (101) plane for ZnO, NZO, and

NZO/CNT composites.

used to study the morphology of the product. UV—vis
spectrophotometry was used to investigate the optical
characteristics of the nanocomposites (PerkinElmer Lambda
25, Ayer Rajah, Singapore). The photoluminescence (PL)
emission spectra (FP-6500, Jasco) were recorded at room
temperature. Liquid chromatography—mass spectrometry
(LC—MS) data were used to inspect the MB photodegradation
byproducts (Agilent 6410 B; Wilmington, USA). Using an
electrospray ionization (ESI) interface, ions were produced in
ionization mode. At a source temperature of 380 °C and a
voltage of +3000 V, ESI was performed. The cone voltage,
capillary voltage, and source offset were set to 30, 3, and 30 V,
respectively. The nebulizer pressure was adjusted to 15 bar,
while the gas flows for desolvation and the cone were adjusted
to 650 and 150 L h™', respectively. The analytes were
separated using a mobile phase that contained 0.1% formic
acid in distilled water (buffer A) and 0.1% formic acid in
acetonitrile (buffer B), which was injected into the ESI
chamber at a flow rate of 0.5 mL min~" for 20 min. Each
syringe had a volume of S L. The interface heater was set at
300 °C, and the fragmentation potential was fixed at 110 V.
The ions were detected using the MS full-scan mode.

2.4. Photocatalytic Experiments. The photocatalytic
degradation of MB, as a target pollutant, was used to evaluate
the photocatalytic performance of each material. A 300 W
xenon lamp was used as the VL source during testing.
Additionally, a UV cutoff filter (400 nm) was applied to block
UV rays. For the photocatalytic activity assays, a 50 mg NZO/
CNT sample was combined with an aqueous MB solution
(100 mL, 10 mg L™"). The dye solution and catalyst were then
combined in a beaker and ultrasonically heated for 60 min at
25 °C. To reach adsorption—desorption equilibrium between
the catalyst surface and dissolved MB bodies, the mixture was
left in the dark for 30 min. The degradation process was then
performed by placing the solution under VL while continu-
ously swirling it. The reduction in the MB concentration was
tracked by measuring the absorbance of the solution at 200—
750 nm using UV—vis spectrophotometry at regular intervals.
An identical volume of solution (2 mL) was collected for each
measurement. The typical absorption wavelength of MB (664
nm) was also monitored. To compare the activity of the as-
prepared NZO/CNT photocatalyst, three series of tests were
performed: photolysis (using only the dye solution and no
photocatalyst), ZnO, and NZO. All the experiments were
conducted under similar conditions. The recyclability of NZO/
CNT was assessed using an identical process for each set. This

was accomplished by gathering the precipitated sample (after
centrifugation) and repeatedly rinsing it with distilled water.
The specimen was subsequently dried in a preheated furnace at
100 °C for approximately 5 h to evaluate the effectiveness of its
recycling. The following cycle of the photocatalytic reaction
employed a dry sample as the starting point.

3. RESULTS AND DISCUSSION

3.1. Structural Investigation. The crystal structure,
phase, purity, and crystallite size of the CNT, ZnO, NZO,
and NZO/CNT were investigated using XRD. Figure 1 shows
the XRD patterns of all the examined samples. Figure la
displays the two characteristic peaks of CNT at 25.62 and
42.77° corresponding to the (002) and (100) planes,
respectively. These two peaks are obtained because of the
formation of d-spacing and disordered carbon.”” The
diffraction peaks of ZnO are centered at 31.43, 34.12, 35.98,
47.29, 56.36, 62.61, 66.18, 67.71, and 68.87° corresponding to
the (100), (002), (101), (102), (110), (103), (200), (112),
and (201) planes, respectively, with hexagonal wurtzite ZnO
structure (JCPDS #36-1451). All XRD peaks of ZnO are
observed in the curves of the NZO and NZO/CNT
compounds. In addition, the CNT (002) plane peak is also
observed in the NZO/CNT composite, confirming the
successful deposition of CNT on the NZO material. However,
the intensity of the CNT (002) plane peak is very low
compared to that of ZnO, and the CNT (100) plane is not
visible because of the higher-intensity peak of ZnO. As shown
in Figure 1b, after N-doping onto ZnO and combining with
CNT, in both cases, the (101) plane is shifted toward higher
20 values compared to that of ZnO. These outcomes suggest
that N is doped into the ZnO matrix and successfully combines
with the CNT. The XRD curves reveal no additional peaks,
indicating that the synthesized compounds are extremely pure.

The average crystallite sizes of the ZnO, NZO, and NZO/
CNT composites (all of the aforementioned planes) were
evaluated using Scherrer’s equation (eq 1)

D =kA/p cos @ (1)

where D is the crystallite size, A is the X-ray wavelength
(0.15406 nm), k is the nondimensional shape factor (0.94), 0
is the Bragg angle, and /3 is the full width at half-maximum. The
average D values of the ZnO, NZO, and NZO/CNT
composites are 23.96, 21.94, and 20.45 nm, respectively.
Furthermore, to calculate the crystallite sizes of the ZnO,
NZO, and NZO/CNT compounds more accurately, we used
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Figure 2. Linear plots of the modified Scherrer equation: (a) ZnO, (b) NZO, and (c) NZO/CNT composites.
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Figure 3. High-resolution XPS spectra of NZO/CNT: (a) Zn 2p, (b) O 1s, (c) N 1s, and (d) C 1s.

the modified Scherrer equation, and the representative curves respectively. Interestingly, the average size and order (ZnO >
are shown in Figure 2. The calculated average D values of NZO > NZO/CNT) obtained using both methods are almost
ZnO, NZO, and NZO/CNT are 23.75, 22.71, and 20.02 nm, identical. The detailed calculation process is as follows:
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Figure 4. (a) FE-SEM images, (b) EDS spectra, and (c) elemental mapping analysis of NZO/CNT material.

On converting eq 1 into its logarithmic form, we have (eq 2)
Inf = In[(1/cos §) x (kA/D)] 2)

This equation is known as the modified Scherrer equation.
On plotting In (1/cosd) on the x-axis and In f on the y-axis, we
calculated the crystallite size from the y-intercept value [In
(kA/D)].

XPS was used to analyze the elemental composition,
oxidation state, and binding energy of the NZO/CNT
composites. The XPS survey spectrum of the compound is
shown in Figure S1. The wide spectrum indicates that the four
representative elements, N, Z, O, and C, are present in the
NZO/CNT composite. The NZO/CNT was further system-
atically studied by collecting its high-resolution XPS spectrum,
which included the core-level spectra for Zn 2p, O 1s, N 1s,
and C 1s, as shown in Figure 3. The core-level Zn 2p spectrum
is shown in Figure 3a. Prominent doublet signals can be seen at
the binding energies of 1021.95 and 1044.95 eV, which match
the chemical environments of Zn 2p;;, and Zn 2p,,
respectively. This outcome confirms the formation of the
ZnO wurtzite structure and the oxidation state of zinc was
+2.*? The existence of ZnO in the nanocomposite was further
confirmed by the fact that the binding energy gap between the
Zn 2psy, and Zn 2p,, peaks was 23 eV."’ The three
deconvoluted O 1s peaks are observed at binding energies of
530.59, 531.03, and 532.58 eV (Figure 3b). The lowest energy
signal at 530.59 eV is attributed to O~ in the ZnO wurtzite
structure. The rest of the two peaks at 531.03 and 532.58 eV
correspond to surface-adsorbed H,O0/0O, from air and oxygen
vacancies/defects, respectively.” The N Is curve is deconvo-
luted into three peaks at binding energies at 398.43, 399.21,
and 400.63 eV (Figure 3c). The lowest binding energy peak,
located at 398.43 eV, is linked to the O—Zn—N bond.”" This
indicates that N dopants combine at O sites in ZnO nanorods
in a substitutional manner.”" The high-intensity geak at 399.21
eV is ascribed to the N—N and N—C bonds."® The binding

energy centered at 400.63 eV is responsible for the attachment
of doped N to carbon atoms in the CNT. Figure 3d shows the
core-level spectrum of C 1s, which is deconvoluted into four
peaks at 284.45, 285.82, 287.64, and 290.91 eV. The most
intense peak at 384.45 eV originates from sp’-hybridized
graphitic carbon (C=C). The peak at 285.82 eV suggests that
there are some defects present in the form of C—C carbon.
The other two peaks at 287.64 and 290.91 eV are attributed to
—C=0 and 7—7*, respectively.'***

3.2. Morphological Investigation. Characteristic FE-
SEM images of the NZO/CNT nanocomposite are shown in
Figure 4. FE-SEM images of ZnO and NZO are shown in
Figure S2. There are two different morphological patterns for
these ZnO nanoparticles: one is aggregated almost spherically,
whereas the other is rod-shaped (Figure S2a). The formation
of aggregated nanoparticles with a roughly spherical shape may
have been caused by the accumulation of small particles. The
majority of the particles have a rod-like morphology, with an
average diameter and length of approximately 450 nm and 3.3
pum, respectively. These rod-shaped ZnO nanoparticles exhibit
a wurtzite hexagonal structure.”” The results (the hexagonal
wurtzite assembly) agreed with those of XRD. An FE-SEM
image of the NZO nanoparticles is shown in Figure S2b. The
shape of the particles is not changed by the addition of N to
ZnO, but their sizes vary. The average diameter and length of
the particles are roughly 212 nm and 2.1 mm, respectively.
These results show that the axial development of ZnO was
reduced as a result of the N doping. A similar result was
observed when Mn was doped onto the ZnO nanorods.>* This
research proved that the morphology of the particles was
unaffected by the doping atom. However, the morphological
shape was similar after constructing the composite with CNT's
(Figure 4a). A large number of NZO nanorods are observed
around each CNT. Magenta arrows were used to easily identify
certain CNTs. The NZO nanorods are observed in a regular
orientation everywhere in the CNTs. The distance between
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CNTs can be observed between the succeeding clusters of
NZO. In contrast to the nanorod clusters that are more
densely packed when the CNTs are closer to one another, the
CNTs are scattered in other locations.

The purity and elemental composition of the as-prepared
NZO/CNT were confirmed by EDS. Figure 4b shows the
representative EDS spectrum. The sample contains N, Zn, O,
and C. These results are consistent with the results of XPS.
These results further demonstrated that the NZO/CNT
nanocomposite was successfully formed. Furthermore, the
absence of additional peaks in the EDS spectrum indicates that
the NZO/CNT was free from impurities. Figure S2c,d shows
the EDS spectra of ZnO and NZO, respectively. The EDS
spectrum of ZnO confirms that only Zn and O are present. In
contrast, the NZO material contains three elements: N, Zn,
and O.

Furthermore, FE-SEM elemental mapping was employed to
inspect the elemental distribution of the NZO/CNT, as shown
in Figure 4c. The findings indicated that N, Zn, O, and C were
homogeneously distributed throughout the structure.

TEM and HR-TEM were used to analyze the intimate
interaction between NZO and the CNTs in the NZO/CNT
composite, as shown in Figure Sa,b, respectively. It can be

CNT (002)
0.34 nm

ZnO (100)
0.28 nm

Figure S. (a) TEM and (b) HR-TEM micrographs of the NZO/CNT
composite.

clearly seen that NZO and CNT closely interact with each
other. The NZO particles have flat surfaces and are rod-
shaped, as observed in the TEM micrographs, which is also
confirmed by the FE-SEM observations. Furthermore, HR-
TEM was used to study the closeness between NZO and the
CNT (Figure Sb). The extremely thin CNTs can be seen as
imprints or patterns on the NZO surface in the HR-TEM
images. The (100) lattice plane of the NZO hexagonal wurtzite
structure is confirmed by measuring the interplanar spacing of
ZnO at 0.28 nm. Based on the carbon (002) plane, the lattice
spacing for CNTs is calculated to be 0.34 nm. These
photographs unequivocally demonstrate that NZO encloses
the CNTs. Additionally, this observation provides evidence
that an NZO—CNT heterojunction formed between CNT and
NZO. Such heterojunction creation might encourage the
exchange of charge carriers between the photoinduced
elements and boost their photocatalytic activity.

3.3. Optical Investigation. The practical implementation
of semiconductor compounds as photocatalysts significantly
depends on their optical characteristics. UV—vis spectroscopy
data were collected to investigate the optical properties of the
compounds. Figure 6 shows the UV—vis spectra of the
samples. The maximum absorbance peaks are detected at 267,
368, 373, and 378 nm for the pristine CNT, ZnO, NZO, and
NZO/CNT, respectively. It is noteworthy that the absorbance

peak observed in the spectrum of ZnO shifts to longer
wavelengths in the spectra of the NZO compound. This
redshift proves that a new energy level is added to the band
structure of ZnO through direct interaction with the doped N.
The NZO/CNT nanocomposite exhibits a maximum wave-
length shift toward the visible range. Therefore, when the
nanocomposite is utilized as a photocatalyst, this redshift
enhances light absorption compared to other materials and
subsequently contributes to the superior photocatalytic effect.
Electron transport to CNTs may be accelerated, and the rate of
e —h" pair recombination may decrease during photo-
excitation.

The optical band gap energy (E,) of the compounds was
determined using Tauc plots and the accompanying UV—vis
absorbance data. The Tauc plots of CNT, ZnO, NZO, and
NZO/CNT are shown in the insets of Figure 6a—d,
respectively. The intercept of the energy axis was calculated
by extrapolating the graph of (ahv)* vs E, and the intercept is
denoted by E, where (ahv)? equals 0. The measured E, values
of the CNT, ZnO, NZO, and NZO/CNT were 3.46, 2.82,
2.76, and 2.07 eV, respectively. It is interesting to note that
composite construction between NZO and CNTs reduced the
E, value. In general, a reduced E, value helps boost the
photocatalytic action of ZnO-based semiconductor constitu-
ents.”” Among the CNT, ZnO, NZO, and NZO/CNT, NZO/
CNT has the lowest E, value. The addition of N and CNT
significantly reduced the band gap of the nanocomposite. The
NZO/CNT composites can function in the visible region
owing to their lower band gaps. Low-energy light is sufficient
to excite valence band (VB) electrons into the conduction
band (CB) in the presence of a narrow band gap, which
accelerates the photoreaction.

3.4. PL Investigation. The impact of charge carrier
recombination on the compounds was assessed using PL
analysis. Figure 7 shows the PL spectra of ZnO, NZO, and
NZO/CNT at room temperature. All samples show two types
of emission peaks in the PL spectra. One peak is observed at
380 nm in the UV region for the recombination of free
excitons at the near-band edge of the compounds.

The other comparatively wide emission peak is located near
453—517 nm for the green band owing to oxygen vacancies.
Oxygen vacancies are crucial for the production of superoxide
(0,7*) and hydroxyl (OH®) radicals. These radicals play a vital
role in the deterioration of pollutants from wastewater.”> In
addition, the PL peak intensity and e"—h" pair recombination
are intimately correlated; when the peak intensity is lower, the
e"—h" pair recombination is lower and vice versa. The PL
spectra indicate that the peak intensity decreases in the order
ZnO > NZO > NZO/CNT. NZO shows a lower intensity than
that of undoped ZnO. This indicates that N doping is essential
for preventing the recombination of the photoinduced e™—h*
pairs of ZnO. Doping substances produce numerous electron
traps that suppress the recombination of e”—h* pairs.”® Among
the three compounds, NZO/CNT possesses the least intensity
because it is an electron trapper that helps to reduce the
recombination effect.” Finally, the electron separation and
transfer are enhanced with the decrease in e —h" pair
recombination, improving the photocatalytic effectiveness of
the materials. Therefore, the NZO/CNT composite might
provide a higher photocatalytic performance than ZnO and
NZO.

3.5. Photocatalytic Investigation. The photocatalytic
activity of ZnO, NZO, NZO/CNT, and the no catalyst
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Figure 7. PL spectra of ZnO, NZO, and NZO/CNT composites.

(photolysis) case was investigated for the decomposition of
MB dye in the presence of VL illumination for 25 min. The
adsorption efficiencies of the samples were investigated under
dark conditions. Figure 8a shows the adsorption and
photodegradation performance as a function of time. The
results show that a negligible adsorption proficiency is
observed, and the order increases as follows: photolysis <
ZnO < NZO < NZO/CNT. The adsorption activity of NZO/
CNT is comparatively higher than that of the other samples
owing to the involvement of CNTs in the composite. CNTs
are good adsorbents, and their adsorption results mainly from
the CNT portion.*

The photodegradation efficiency () of the samples was
measured using the following equation (eq 3)

C,—C
n (%) = 24— x 100
Co (3)

where C, and C, represent the absorbance at 0 and ¢ min,
respectively. According to the degradation efliciency of the

16180

photolysis experiment, no appreciable amount of MB was
degraded in the absence of a catalyst. This rate is accelerated
by the use of a catalyst. The activity of NZO was higher than
that of ZnO. This implies that N atoms boost the
photocatalytic efficiency of ZnO. The NZO/CNT composite
demonstrated maximum photocatalytic efficiency (96.58%)
within a degradation period of only 25 min. The photo-
deterioration performance was enhanced in the following
order: photolysis (7.42%) < ZnO (46.74%) < NZO (70.87%)
< NZO/CNT (96.58%). The NZO/CNT nanocomposite
showed 92, 52, and 27% higher photocatalytic activities as
compared to photolysis, ZnO, and NZO, respectively. These
results indicate that N atoms and CNT are promising materials
for improving the performance of ZnO. The lower activity of
ZnO is due to its higher band gap, which decreases the
production of electrons and holes during photocatalytic
reactions. After the incorporation of N atoms into the ZnO
matrix, the band gap and PL intensity were reduced (Figures 6
and 7). The lower the bandgap, the higher the photocatalytic
activity. However, the activity of NZO is low compared to that
of NZO/CNT, which clearly indicates that not only N is
responsible for enhancing the proficiency of NZO/CNT but
also CNTs play a significant role. The enhancement of the
activity of NZO/CNT might be owing to two reasons: (i) N
helps to reduce the band gap of ZnO and (ii) CNTs capture
the electrons and maintain the flow of electrons. Therefore, the
e”—h" pair recombination effect is suppressed and the electron
flow is increased, thereby enhancing the photocatalytic activity
of NZO/CNT.

To comprehend the photocatalytic performance of the
compounds, reaction kinetics were also investigated, and the
representative results are shown in Figure 8b. The MB
photodegradation rate constant (k) was analyzed using
pseudo-first-order kinetics (eq 4)
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where the term “t” corresponds to the irradiation time. The
computed k values were 0.0031, 0.0252, 0.0493, and 0.1350
min~" for photolysis, ZnO, NZO, and NZO/CNT, respectively
(Figure 8c and Table S1). Among the examined photo-
catalysts, NZO/CNT showed an enhanced k value (0.1350
min~"), suggesting maximum photocatalytic efficiency. This
value was 43.55 times higher than that obtained without a
catalyst (photolysis). The reaction in the presence of the
NZO/CNT composite achieved a k value that was 5.35 and
2.74 times higher than the reactions in the presence of ZnO
and NZO, respectively. These results made it evident that the
addition of N and CNT might improve photocatalytic
efficiency. Therefore, in comparison to the undoped material,
the doping element played a dynamic role in improving the
photodegradation proficiency and rate constant. Therefore,
compared with those of the separate components, doping and/
or the construction of composite materials plays a critical role
in improving the rate constant and efficiency. The enhanced
electron transport from the VB to the CB may be the cause of
this characteristic of doped or composite materials.’

The effectiveness of a nanocatalyst, particularly its
recyclability and stability, is the key variable to be considered
in terms of wastewater treatment cost and preventing the
formation of secondary pollutants. From this perspective, MB
degradation experiments under VL irradiation were conducted
for four consecutive cycles to examine the reusability and
stability of the NZO/CNT catalyst. The as-synthesized NZO/
CNT material displays 94.77% MB deterioration after four
consecutive runs over 25 min, as illustrated in Figure 8d. The
small loss of the catalyst during recycling is the cause of the

decrease in activity (1.02%). Furthermore, XRD and XPS
measurements are performed to evaluate the structural
constancy of the NZO/CNT catalyst for up to four cycles
(before and after treatment), as shown in Figure S3. After four
successive cycles, all significant peaks in both spectra remain
after the catalytic reaction. The NZO/CNT photocatalyst
exhibits remarkable recyclability and stability. Therefore, it can
be applied to the practical implementation of wastewater
treatment.

Table S2 compares the photocatalytic degradation capa-
bilities of the as-prepared NZO/CNT photocatalyst with those
of previously reported ZnO- or CNT-based composites. These
findings demonstrate the superior photocatalytic efficiency of
the NZO/CNT catalyst, which quickly reaches a high
degradation efficiency.

3.6. Determination of the Point of Zero Charge
(PHpzc)- Photocatalytic reactions occur on the surface of the
catalysts. Therefore, it is crucial to understand the surface
characteristics of photocatalysts, particularly their surface
charges (SCs). SC is determined by computing the point of
zero charge (pHpyc), as shown in Figure 9. The well-known
drift method was applied to estimate the pHp,c of NZO/CNT
compounds in the pH range of 2—12. The initial pH values
(pH;) of the solutions were adjusted using either NaOH or
HCL After recording the final pH values (pH;) of the
substances, eq 5 was used to compute ApH.

ApH = pH; — pH, (%)

The pHp,c value of the NZO/CNT composite was
determined by plotting ApH vs pH;, and the results showed
that the ApH and pH; values were equal to 6.18. Therefore,
the calculated pHpyc value of NZO/CNT was 6.18. The
surface of the NZO/CNT nanocomposites has a positive

https://doi.org/10.1021/acsomega.3c00370
ACS Omega 2023, 8, 16174—-16185


https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c00370/suppl_file/ao3c00370_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c00370/suppl_file/ao3c00370_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c00370/suppl_file/ao3c00370_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00370?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00370?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00370?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00370?fig=fig8&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c00370?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

-2+

6 8 10 12
pH.

N
»d

Figure 9. Determination of pHp, using the NZO/CNT catalyst.

charge at pH levels lower than the pHp,c value (repelling
cations), while pH levels upstairs pHpy, favor the formation of
a negative charge (attracting cations). Hence, the positively
charged MB dye repels electrons owing to cationic nature of
MB, and the photodegradation activity is reduced at pH levels
below 6.18 (acidic medium). Conversely, the positively
charged MB and the catalyst surface interacted strongly
when the pH was higher than 6.18 (basic medium) which
increased the photodegradation efficiency.

3.7. Proposed Photocatalytic Degradation Mecha-
nism. Figure 10 shows the possible photocatalytic degradation
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Figure 10. Probable photodegradation mechanism of MB dye using
NZO/CNT.
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mechanism of the aqueous MB solution in the presence of the
NZO/CNT photocatalyst. The photocatalytic reaction was
initiated on the surface of the NZO/CNT via the adsorption of
MB molecules with the assistance of a light source. After that,
the NZO/CNT catalyst was excited, and the photoinduced
electrons (e”) in the CV and holes (h*) in the VB were
produced during VL irradiation. h* is held in the VB, whereas
e is held in the CB. Consequently, e”—h" pairs were created
on the catalyst surface. e” serves as a reducing agent, whereas
h* serves as an oxidizing agent. HO® is generated in the VB
when h* and H,O interact with each other. Meanwhile, CB
produces superoxide radicals (*O,”) through a reaction
between oxygen molecules and e”. The °O,” radicals then
participate in further reactions, resulting in the production of
HO?® radicals. Utilizing single-walled CNT constructions in
composite materials not only offers well-defined pathways for
electron transport but also ensures a wide range of possibilities
for charge-transfer optimization without sacrificing light
absorption due to their smaller size compared to multiwalled

CNTs and graphene sheets.”’ ™ In addition, e~ is simply
pushed into CNTs because of the modest Fermi energy of
CNTs. CNTs play a vital role as a rapid electron transporter in
the nanocomposite because of their one-dimensional structure.
Hence, the CNT-based composite may effectively prevent e™—
h* pairs recombination and provide more holes to accelerate
the decomposition of pollutants due to the electron-trans-
porting and electron-accepting capabilities of CNTs.***!
However, it is worth acknowledging that CNTs play a vital
role in reducing the recombination effect and enhancing the
separation of e” and h* owing to their high electron-storage
capacity.'® CNT may serve as a sink for the photoexcited
electrons originating from the NZO compound, thereby
producing chemical interactions between NZO and CNT.
Consequently, several e” are transported to the CNT from
NZO, which lowers the rate of e”—h" pair recombination,
increases the lifetime of e —h* pairs, and enhances the
photocatalytic efficiency of the products.

Below is a summary of the principal chemical reactions
during the photocatalytic process (eqs 6—12)

NZO/CNT + hv - NZO/CNT (egy + hiyp) (6)
0, + NZO/CNT (egz) = NZO/CNT + *0,” (7)
*0,” + H' - *HO, (8)
H,0 + NZO/CNT (h{;) —» NZO/CNT + *OH + H*
9)
*HO, + *HO, — O, + H,0, (10)
*0,” + H,0, —» *OH + O, + HO (11)

Toxic pollutants + (*OH, H*, *0O,” — Nontoxic products
(12)

3.8. LC—MS Investigation. MB was remarkably stable
under VL illumination when no catalyst was used, but it
degraded with the production of a number of intermediate
compounds in the presence of the NZO/CNT photocatalyst
with VL exposure. The intermediates were analyzed by LC—
MS. The degradation process with a catalyst involves the
production of photoexcited e~ and h" which subsequently
produce OH® and O,° radicals. The active species function as
degradation agents because of their high reactivity and the
degradation of MB. The intermediates formed because
degradation was analyzed using LC—MS. The MS data
obtained before and after photocatalysis for 25 min of VL
irradiation are shown in Figure 11. The existence of MB inside
the mixed solutions is confirmed by the stronger signal in
Figure 1la at m/z = 284. The distinctive peak of MB (m/z =
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Figure 11. Mass spectra of MB aqueous solution (a) before and (b)
after photocatalytic action using the NZO/CNT nanocomposite.
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Table 1. Theoretically Calculated Values of Aquatic and Chronic Toxicity of MB Dye and Its Degradation Intermediates

Acute toxicity Chronic toxicity
m/z LC/ECso (mg L) ChV (mg L")
Fish Daphnid Green Fish
MB 284 5.79 3.88 5.72 0.688
Pl 336
P2 301
P3 279
P4 267
P35 214
P6 190
P7 184
P8 171
P9 156
P10 148
P11 142
P12 130
P13 125
P14 109
P15 102
Toxic

284) entirely vanishes, as shown in Figure 11b, and peaks are
observed at several new m/z values connected to the
intermediate products. Degradation products are proposed
based on their m/z values, as shown in Figure S4. First, it was
suggested that the main degradation process would involve the
center rings by oxidizing the C—S*=C groups and imino
groups. Oxidation occurred through hydroxyl radicals and
produced products with m/z values of 336 and 301. The imino
groups were oxidized to aniline, which could further oxidize to
nitrate anions. Peaks at m/z 279 and 267/ were observed for
the hydroxylated products. Repeated hydroxylation opened
aromatic rings of MB, and the corresponding peaks with m/z
values of 214, 184,190, 125, and 109 were found in the spectra.
Subsequently, aliphatic compounds with m/z values of 171,
156, 148, 142,130, and 102 were produced because of
continuous hydroxylation. Finally, as a result of the ongoing
reactions between the aliphatics and other reactive species in
the system, they gradually mineralize. The existence of peaks at
lower m/z ratios indicated that the dye molecule was
successfully broken down into smaller pieces toward total
deterioration. In addition, discoloration of the MB solution
after the reaction is another way to recognize that the reaction
catalyzed by the synthesized catalyst proceeds via dye
degradation.

3.9. Toxicity Predictions of MB Solution during the
Degradation Process. The toxicity of MB and its
deterjoration products under VL exposure for 60 min was
studied through the ECOSAR program using the NZO/CNT
composites. Table 1 and Figure S5 illustrate the assessment of
acute (LC/ECs,) and chronic (ChV) toxicities of MB and its
degradation intermediates. Three different aquatic organisms
(fish, daphnia, and green algae) were chosen as the evaluation
objects. Three toxicity levels were used to categorize the levels

of toxicity: toxic (0 < toxicity values < 10 mg L™"), harmful (10
< toxicity values < 100 mg L™'), and not harmful (toxicity
values > 100 mg L™"). According to the calculations, the acute
toxicity value of MB was 5.72 mg L™' ECs, for green algae,
3.88 mg L™ LC, for daphnia, and 5.79 mg L™' LCj, for fish.
According to these findings, MB is toxic to all three aquatic
species (daphnia, green algae, and fish). The calculated chronic
toxicity of MB to fish as ChV was 0.688 mg L™, and MB was
chronically toxic to fish. However, after treatment with NZO/
CNT under VL, the toxicity of the MB-contaminated water
significantly decreased. The product m/z values of 284, 336,
301, 279, 267, 214, 190, 184, 171, 156, 148, 142, 130, 125,
109, and 102 are given the names MB, P1, P2, P3, P4, PS, P6,
P7, P8, P9, P10, P11, P12, P13, P14, and P18, respectively.
None of the deteriorated substances in the MB products
showed any negative effects (toxic or harmful) on fish,
daphnia, and green algae. Most of the products in the acute
toxicity diagram for fish are harmless. Few products were found
to be harmful compared with MB, and their toxicity was
significantly reduced. No products were detected in the toxicity
zone. Therefore, these results demonstrate that the photo-
catalytic process over VL using the synthesized NZO/CNT
composites is tremendously efficient in detoxifying MB and is
environmentally safe.

4. CONCLUSIONS

In summary, a novel NZO/CNT photocatalyst was success-
fully prepared via a simple step-by-step chemical synthesis
process, followed by a cocrystallization approach. According to
the characterization investigations, N was effectively doped
into the ZnO matrix, and the CNT's were attached to the NZO
surface without changing the rod-shaped structure of the ZnO
lattice. The E, value of undoped ZnO was significantly reduced
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by the addition of N and CNT, and the e —h* pair
recombination decreased. The photocatalytic efficiencies of
the as-synthesized NZO/CNT composite were 92, 52, and
27% higher than those of photolysis, ZnO, and NZO,
respectively. The photodegradation of MB proceeded accord-
ing to pseudo-first-order reaction kinetics, and the rate
constant values of NZO/CNT were 43.55, 5.35, and 2.74
times larger than those of photolysis, ZnO, and NZO,
respectively. The photocatalytic efficiency and rate constant
of NZO/CNT were considerably enhanced compared with
those of the individual components (ZnO and NZO).
Improved catalytic activity was achieved owing to the
participation of N and CNT during the NZO/CNT composite
formation. In addition, the NZO/CNT composite exhibits
enhanced photocatalytic activity under basic conditions
according to the pHpyc investigation. The NZO/CNT
photocatalyst demonstrated outstanding sustainability and
recyclability after four consecutive runs, which were verified
by using XRD and XPS. Furthermore, MB dye decomposition
was analyzed using the as-prepared NZO/CNT, and possible
degradation products were proposed. Subsequently, the
toxicity of the decomposition products was estimated, which
revealed that the degradation process was safe for the
environment. Therefore, this study improves the process for
removing noxious contaminants from wastewater, in addition
to offering a simple method for the manufacture of NZO with
CNT nanocomposites.
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