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Abstract

Zinc oxide (ZnO) nanoparticles anchored onto the MXene surface (ZnO/MXene photocatalysts) were synthesized via
hydrofluoric acid etching and solventthermal method. The photocatalytic performance of ZnO/MXene composites was
evaluated by degrading methyl orange (MO) and p-nitrophenol (p-NP). MXene has a lamellar structure, while ZnO
nanoparticles mostly form aggregated spheres. The ZnO/MXene composite maintains this lamellar morphology, with
aggregated spherical ZnO nanoparticles on the surface, edges, and interlayer spaces of lamellar structure, thus forming a
sandwich-like composite. When the mass ratio of ZnO to MXene in ZnO/MXene composite is 1:1 and catalyst dosage is 0.5
g-L-1 or 0.7 g-L-1, the optimal removal rates for MO and p-NP reach 100% and 74%, respectively. Compared to individual
MXene and ZnO, the ZnO/MXene composite shows enhanced photocatalytic activity. This can be attributed to the
nanoconfinement effect of MXene and interface interactions between ZnO and MXene. The change in surface charge
distribution mainly stems from the S=0 bond for MO, causing an increase in energy gap and chemical hardness of its
degradation intermediates. However, the surface charge distribution changes are mainly due to the N=0 bond for p-NP,
resulting in increased the highest occupied molecular orbital (Enomo) values and chemical potential, while the
electronegativity and Electrophilicity indices decrease in its degradation intermediates.
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1. Introduction

Semiconductor-assisted photocatalysis plays a crucial role
among various advanced oxidation methods in water
treatment.l'! Among numerous semiconductors, the zinc oxide
(ZnO) photocatalyst is extensively applied in the wastewater
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treatment field. This is because of its advantages such as easy
preparation, low cost, environmental friendliness, stable
properties, and good photocatalytic performance. However,
ZnO has certain limitations in photocatalytic reactions. Its
energy gap of 3.37 eV restricts it to absorbing only ultraviolet
light.?l Moreover, the photocatalytic activity of ZnO is also
constrained by the low charge-separation efficiency caused by
the recombination of electron-hole pairs.?! These limitations
are detrimental to the practical application of ZnO in
environmental purification.” To achieve high reaction
efficiency, the recombination of electrons and holes needs to
be kept at a low level. Thus, it is essential to broaden the
energy range of light excitation and improve the separation
efficiency of hole-electron of ZnO. Therefore, the preparation
of ZnO photocatalysts with high activity and excellent
photostability is of great significance in water treatment. To

Eng. Sci., 2025, 36, 1665 | 1


https://www.espublisher.com/
mailto:wangxiaoning@qut.edu.cn

Research article

Engineered Science

enhance the photocatalytic activity of ZnO photocatalysts,
traditional methods such as doping, dye sensitization, and
defect engineering have been employed.! Nevertheless, these
modifications often fail to substantially boost the
photocatalytic performance of ZnO. An alternative approach
to improving the photocatalytic activity of ZnO is to fabricate
0D/2D photocatalysts in combination with MXene. Khadidja
et al. reported the synthesis of ZnO nanoparticles anchored
onto the MXene surface (ZnO/MXene photocatalysts)
composites through a straightforward two-step chemical
reaction. The results indicate that ZnO/MXene composites
prepared at 90 °C exhibit superior photocatalytic activity
compared to pure ZnO microparticles.[) After 21 minutes of
irradiation, the degradation rate of the ZnO/MXene composite
reached 87.5%, while that of pure ZnO microparticles was
only 71.2% after 80 minutes of irradiation.

The 2D material MXene, with a graphene-like structure,
has an obvious hollow structure. Its conductive electrons are
separated from hole-electron pairs, thereby improving the
utilization efficiency of hole-electron pairs. Due to its two-
dimensional structure, MXene has a large specific surface area,
which enables it to effectively adsorb organic pollutants.
Moreover, the limited space inside the material can effectively
enhance the photocatalytic activity. Li et al. synthesized a Z-
scheme photocatalyst, ZnO@Nb,CTx MXene@carbon nitride
nanosheets (ZNC), through a hydrothermal method combined
with an electrostatic self-assembly strategy.[”? Degradation
tests showed that after 40 minutes of light exposure, the
removal rate of enrofloxacin reached 98.2%, with a
degradation rate of 0.0961 min™'. This degradation rate is 4.78
times higher than that of pure ZnO and 3.987 times higher than
that of carbon nitride nanosheets (CNNS). The introduction of
the MXene electron-transport layer was the primary factor
contributing to the enhanced degradation efficiency. This is
because it promotes charge transfer and the separation of
electron-hole pairs, probably due to the nanoconfinement
effect of MXene. However, the mechanism by which MXene
enhances photocatalytic efficiency remains unclear, hence, it
is meaningful and significant to expose the photocatalytic
enhanced mechanism for the design of highly efficient
photocatalysis-based wastewater treatment system.

Some studies have shown that the combination of ZnO and
MXene exhibits an interface effect, which can enhance the
photocatalytic activity. Gong et al. used Cu-Co-Al layered
double hydroxide (LDH) grafted onto sulfur-doped coffee
biochar (SCB) Cu-Co-Al/SCB catalyst for selective synthesis
of cyclopentanol (CPL) from biomass-derived furfural (FAL),
the results indicated that Cu-Co-Al/SCB achieved a maximum
CPL yield of 97.5% and a high turnover frequency (TOF) of
15.6 h'! in the selective hydrogenative rearrangement of FAL
at 140 °C, and the enhanced catalytic mechanism was grafting
Cu-Co-Al onto SCB results in the formation of Cu-Co alloys
and a strong interaction and the strong interaction between the
Cu-Co alloy and sulfur-doped coffee biochar endowed Cu-Co-
AI/SCB with remarkable stability.®! Liu et al. prepared a
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novel diatomic Fe/Mo catalyst (Fe/Mo-DACs) to enhance the
interfacial reaction mechanism with oxidant to achieve more
stronger selective degradation of electron-donating organic
pollutants, the results indicated that the degradation rate of
bisphenol A (BPA) in Fe/Mo-DACs/PMS system (0.642 min”
") was increased by two times compared with the
corresponding Fe single-atomic reaction system, and the
enhanced Fenton catalytic mechanism was the diatomic
Fe/Mo site was the true activation center of PMS, and other
independent single-atom Fe sites cooperated to optimize the
interface reaction mechanism (adsorption and activation) of
PMS on the materials’ surface.!'”! Hao et al. prepared a novel
catalyst with unique TizC;Tx MXene-regulated Ag-ZnO
interfaces to use in electrocatalytic CO» reduction, the results
indicated that the designed Ag-ZnO/Ti3C,Tx catalyst achieves
an outstanding CO» conversion performance of a nearly 100%
CO Faraday efficiency with high partial current density of
22.59mAcmat -0.87V versus reversible hydrogen
electrode, and the enhanced electrocatalytic mechanism was
the electronic donation of Ag and up-shifted d-band center
relative to Fermi level within MXene-regulated Ag-ZnO
interfaces contributes the high selectivity of CO, which
enlightens the rational design of unique metal-oxide interfaces
with the regulation of MXene for high-performance
catalysis.''l Therefore, it is necessary to construct the
synergetic enhancement of 0D/2D ZnO/MXene based on the
interface effect and nanoconfinement effect.

In this paper, ZnO/MXene photocatalysts were synthesized
via the hydrofluoric acid (HF) etching and solventthermal
method. The physicochemical properties of ZnO, MXene, and
ZnO/MXene composites are characterized and analyzed using
scanning electron microscopy (SEM)/energy-dispersive X-ray
spectroscopy (EDS), X-ray diffraction (XRD), X-ray
photoelectron spectroscopy (XPS), Fourier transform infrared
spectroscopy (FTIR), Raman spectrum (Raman), ultraviolet-
visible (UV-Vis) spectroscopy, and transmission electron
microscope (TEM) techniques. Taking methyl orange (MO)
and p-nitrophenol (p-NP) as the target pollutants, the catalytic
degradation performance and mechanism of the ZnO/MXene
composites towards MO and p-NP are investigated. The
effects of the ratio of ZnO to MXene, the amount of the
catalyst used, the pH value, and the initial concentration of the
pollutants on the degradation of MO and p-NP by the
composites are explored. Through kinetic fitting, toxicity
calculation, degradation pathway analysis, electrostatic
potential examination, and orbital variation rule studies, the
degradation characteristics and molecular mechanism of the
composites in the degradation of MO and p-NP are elucidated.
The results can provide scientific and theoretical support for
the design of efficient photocatalytic systems and their
applications in water treatment.

2. Materials and methods

2.1 Materials and reagents
Zinc acetate (Zn(AC)2-2H,0), sodium hydroxide (NaOH),
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anhydrous ethanol (CoHeO), HF, MO (Ci4H14N3NaO3SNa),
and p-NP (CsHsNO3) were purchased from Sinopharm Group
Chemical Reagent Co., Ltd. MAX (Ti3AlC,) was purchased
from Shanghai Macklin Biochemical Technology Co., Ltd. All
of these reagents were of AR grade and used without further
purification. Deionized water was used to prepare all the
solutions.

2.2 Preparation of photocatalysts
The preparations of the three materials are shown in Scheme
1.

Preparation of ZnO: Initially, 80 mL of absolute ethanol
was added to a beaker to serve as the reaction solvent.
Subsequently, 0.22 g of Zn(AC),-2H,0 and 0.064 g of NaOH
were added to the ethanol and mixed thoroughly. The mixture
was then placed on a temperature-controlled magnetic stirrer
and magnetically stirred for 2 h at 80 °C. Following this, the
mixture was directly transferred to a Teflon-lined autoclave,
sealed, and reacted at 180 °C for 12 h. After the reaction was
completed, the mixture was cooled to room temperature and
washed by centrifugation with ethanol and deionized water for
more than five times until it became neutral. The solid
precipitate was then dried in an oven at 80 °C for 3 h. Finally,
the sample was annealed in a muffle furnace at 400 °C for 2 h,
cooled to room temperature, and ground to obtain ZnO
nanoparticles.['”]

Preparation of MXene: First, 10 mL of a 40% HF solution
was added to a beaker as the etching agent. Then, 1 g of
Ti3AlC, powder was slowly added because the reaction is
vigorous. The mixture was magnetically stirred at 60 °C for 12
h. After the reaction, the suspension was poured out and
centrifuged at 3500 rpm for 5 minutes. The pH of the
supernatant was measured, and the supernatant was washed
with deionized water to adjust the pH until it stabilized
between 5 and 8. The product was further purified by
centrifugally washing it twice with absolute ethanol and then
vacuum-dried at 60 °C for 24 h to obtain TizC; MXene.

Ti;AIC, + 3HF — Ti,C;, + AIF; + 1.5H,

. N
. N
4 it

Preparation of ZnO/MXene: ZnO/MXene composites with
different mass ratios (MXene to ZnO ratios of 1:3, 1:2, 1:1,
2:1, and 3:1) were synthesized using a solvothermal method.
Taking the composite photocatalyst with a MXene-to-ZnO
mass ratio of 1:1 as an example, 80 mL of absolute ethanol
was used as the solvent, and 0.2 g of MXene powder was
added to it. The mixture was ultrasonicated for 20 minutes to
ensure uniform dispersion. Next, 0.22 g of Zn(AC),-2H,0 and
0.064 g of NaOH were added to the solution, which was then
stirred to mix well. The mixture was placed on a temperature-
controlled magnetic stirrer and stirred at 80 °C for 2 h. It was
subsequently transferred to a 100 mL Teflon-lined autoclave,
sealed, and allowed to react at 180 °C for 12 h. After cooling
to room temperature, the mixture was washed by
centrifugation with deionized water and ethanol more than
five times until it became neutral. The samples were dried in
an oven at 80 °C for 3 h and then annealed in a muffle furnace
at 400 °C for 2 h. After cooling, the ZnO/MXene composites
were obtained by grinding.

2.3 Characterization of photocatalysts

The structure and morphology of the sample were
characterized by SEM (Zeiss Gemini 300, Germany) and
transmission electron microscopy (TEM, JEOL JEM - 2100F,
Japan). The areal scanning analysis of Ti, C, O, and Zn
elements was conducted by EDS of transmission electron
microscopy. XRD patterns were recorded on a Bruker DS
Advance X-ray diffractometer with Cu Ka radiation (4 =
1.5418 A) and were used to determine the crystal structure and
phase composition of the prepared photocatalysts. The FTIR
spectra were collected on a Thermo Scientific Nicolet IS5
Fourier Transform infrared spectrometer (Waltham, MA, USA)
in the wavenumber range of 400-4000 cm™' with a resolution
appropriate for the KBr pellet method and were used to
characterize the functional groups of the photocatalyst. Raman
spectrum was obtained using a confocal Raman microscope
Horiba LabRAM HR (Horiba, Billerica, MA, USA) with a 10

Zn?* + 20H- — Zn(OH),
Zn(OH), — ZnO + H,0 (Solvothermal)
ZnO (amorphous)— ZnO (crystal) (Calcination)

“Two-Step” Method
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Scheme. 1: Synthetic route illustration of the ZnO/MXene catalyst.
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W laser at a wavelength of 325 nm for excitation to measure
the crystal structure of the catalyst. The UV-vis diffuse
reflectance spectra (UV-vis DRS) of the samples were
measured using a UV-vis spectrophotometer (UV3600PLUS,
Japan) to analyze the response to UV-visible light. XPS was
performed using a Thermo ESCALAB 250Xi system with an
Al Ka X-ray source to qualitatively and quantitatively analyze
the elemental composition, elemental content, and their
chemical states on the catalyst surface.

2.4 Photocatalytic activity test

The ZnO/MXene composite photocatalyst was evaluated
based on the photocatalytic degradation of MO and p-NP in
aqueous solution under simulated sunlight. Twenty milligrams
of the photocatalyst were mixed with MO and p-NP solutions
at an appropriate concentration of 20 mg-L™!, respectively. A
magnetic stirring rotor was added to the quartz tube containing
the mixture. The suspension was magnetically stirred for about
1 hour in the dark and then placed into the photocatalytic
reaction apparatus for illumination. At regular intervals, 1 mL
aliquots were taken and centrifuged to remove particles. The
filtrate was analyzed by recording the changes in the
maximum absorption peaks of MO and p-NP (520 nm for MO
and 312 nm for p-NP) using a UV-2550PC UV-visible
spectrophotometer. The removal rates of MO and p-NP were
calculated using the following Eq. (1):

R = (Cyp- C,)*x100% (1)
where Cy is the initial mass concentration of MO or p-NP in
water, and C; is the mass concentration of contaminants in
water after reaction time t. Based on the relationship between
absorbance and concentration, the concentrations of MO and
p-NP were calculated according to the Lambert-Beer law.
The variation of the simulated pollutants concentration with
photocatalytic degradation time conformed to the pseudo-
first-order kinetics equation,'*as shown in the following Eq.
2):

In(Cy/Co) = -kigppt + by 2
where ki, (min™') is the degradation kinetic coefficient, ¢ is
the reaction time, Cy (mg-L™") is the initial mass concentration
of MO or p-NP in water, C,(mg-L™) is the mass concentration
of pollutants in water after reaction time ¢, and b; is the model
constant.

The variation of the simulated pollutant concentration with
photocatalytic degradation time conformed to the pseudo-
second-order kinetics equation, as shown in the following Eq.
(3):

3)

where kzgpp ((mg/L)'min') is the degradation kinetic
coefficient, ¢ is the sampling time, Cy (mg-L™) is the initial
mass concentration of MO or p-NP in water, C; (mg-L™) is the
mass concentration of pollutants in water after reaction time ¢,
and b; is the model constant.

1/Ci= —kzapp'l‘ + b,
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2.5 Calculation biotoxicity

Developmental toxicity, Mutagenicity, Bioaccumulation
factor and concentration of compounds that cause 50% death
in oral rats (Rat oral LDsy (mg-kg™!)) were assessed by the
Toxicity Estimation Software Tool (T.E.S.T.) based on
quantitative structure-activity relationship (QSAR) model.l'#!
Parameters used were Developmental toxicity, Mutagenicity,
Bioaccumulation factor, Rat oral LDso (mg-kg™'), subsequently,
“predicted value” was defined as obtained values.['”!

2.6 Gaussian computation

Electrostatic  potential (ESP) of MO, degradation
intermediates (MO-DPs), p-NP and degradation intermediates
(p-NP-DPs) were calculated by GaussView (version 6.0.16).
ESP maps are the changes in electron density distributions
throughout the molecule.!' Colour gradients from red to violet
represent the increasing potential distribution,!'” with red
regions more electronegative regions than yellow regions.!'®!
Positive potential regions are highlighted with blue colour,
whereas green regions are neutral regions.

Frontier Molecular Orbital (FMO) are expressed in terms
of the highest occupied molecular orbital (Egomo) and lowest
unoccupied molecular orbital (ELumo), and the difference in
these energies AE determine the stability of molecules.
Electron donating capacity is the Enomo, while electron-
accepting is the Erumo.['*?" The energy gap is a consequence
of the excitation energy of the molecule responsible for
transition with low electron density, and the tendency to accept
electrons is a measure of the electrophilicity index."! Egomo,
Erumo, energy gap, ionization potential, electron affinity,
chemical hardness, chemical softness, electronegativity,
chemical potential and electrophilicity index parameters were
calculated.

3. Results and discussion

3.1 Physicochemical property of photocatalysts

The SEM characterization results of MXene are shown in Figs.
la-b, and those of MAX are shown in Figs. Sla-b. After HF
etching, the Al layer in Ti3AlC; is etched away, and MXene
with a lamellar structure is obtained. The MAX before etching
has no inter-layer spacing, while the inter-layer spacing of the
etched MXene is about 35-100 nm. The formation of the inter-
layer spacing increases, and layer gaps appear, which proves
that this is a typical 2D material with a layered structure. The
SEM results of ZnO are shown in Figs. lc-d. ZnO
nanoparticles are almost all polymerized spheres with a
particle size of about 25-40 nm, a relatively uniform particle
size distribution, and a relatively large specific surface area.
Moreover, the structure of ZnO nanoparticles is loose, with
many voids, and the dispersion degree is good. The SEM
results of the ZnO/MXene composite are shown in Figs. le-f.
The composite material still has a lamellar structure, and the
polymeric spherical ZnO nanoparticles can be clearly seen
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Fig. 1: (a)-(b) SEM images of MXene, (c)-(d) SEM

mages o Zn0O, (e)-(f) SEM images

MXene, (i)-(j) TEM images of ZnO and (k)-(I) TEM images of ZnO/MXene.

covering the surface layer, edges, and inter-layer gaps of the
layered structure. The inter-layer spacing of MXene and the
particle size of ZnO do not change. This indicates that ZnO
nanoparticles were successfully loaded onto MXene to form a
sandwich type novel composite photocatalyst, suggesting that
the composite was successfully prepared. The successfully

prepared ZnO/MXene may exhibit the nanoconfinement effect.

Meanwhile, there exists an interface effect between ZnO and
MXene. Therefore, based on the synergistic effect of the
nanoconfinement-interface effect, its photocatalytic activity is
enhanced.

The TEM characterization results of MXene are shown in
Figs. 1g-h and Fig. S2a. The obvious layered structure of

Engineered Science Publisher

MXene, with typical lattice stripes, is consistent with the SEM
image analysis. Figs. 1i-j show the TEM characterization
results of ZnO. It can be seen that ZnO nanoparticles exhibit
an obvious polymeric spherical shape, which is consistent with
the SEM image analysis. The TEM characterization results of
ZnO/MXene are shown in Figs. lk-1 and Fig. S2b. The
composite has typical lattice stripes, and the surface layer of
the layered structure can be seen to be covered with polymeric
spherical ZnO nanoparticles, which is consistent with the SEM
image analysis. TEM images of ZnO/MXene with different
proportions are shown in Figs. S3-S6. It can be observed that
the number of ZnO particles in ZnO/MXene increases
significantly with the increase in the proportion.
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Fig. 2: (a) XRD, (b) FTIR, (¢) Raman, (d) ultraviolet-visible (UV-Vis) spectroscopy of samples.

The EDS results of MXene, ZnO, and ZnO/MXene are
shown in Tables S1-S3. The theoretical molar ratio of Ti to C
in MXene is 1.15:1, while the actual molar ratio of Ti to C is
1.88:1. The data are relatively close, indicating that a pure
MXene material was prepared in this study. The theoretical
molar ratio of Zn to O in ZnO is 1:1, while the actual molar
ratio of Zn to O is 1.25:1. The data are relatively close,
indicating that a pure ZnO material was prepared in this study.
The ZnO/MXene composite only contains C, O, Ti, and Zn
elements, without other impurities. All Zn elements in
ZnO/MXene come from ZnO, and all Ti comes from MXene.
These results show that ZnO can be successfully loaded onto
MXene by the solvothermal method adopted in this
experiment, indicating that the composite material was
successfully prepared.

The results of the X-ray diffraction patterns of ZnO,
MXene, MAX, and ZnO/MXene are shown in Fig. 2a. The
XRD pattern of ZnO is consistent with the data from PDF card
no. 01-070-8070. The diffraction peaks indicate that the
synthesized material has a hexagonal wurtzite ZnO crystal
structure. The peaks at 20 = 31.8°, 34.4°, 36.3°, 47.6°, 56.6°,
62.9°, 66.4°, 68.0°, 69.1°, and 72.6° correspond respectively
to the (100), (002), (101), (102), (110), (103), (200), (112),
(201), and (004) crystal planes. The sharp peaks indicate good
crystallinity of the ZnO material, and no excess impurity peaks
are found, which suggests that the prepared ZnO nanoparticles

6| Eng. Sci., 2025, 36, 1665

have high purity. The XRD pattern of MAX is consistent with
the data from PDF card number 00-052-0875.%2 The
diffraction peaks at 20 = 9.5°, 19.1°, 34.0°,36.9°, 38.7°, 38.9°,
41.8°, 48.7°, 56.5°, 60.2°, 65.6°, 70.5°, and 74.0° correspond
to the (002), (004), (101), (103), (008), (104), (105), (107),
(108), (109), (110), (1011), and (200) crystal planes. After
etching, the intensity of the (104) characteristic peak of Al at
20 = 38.9° is weakened. However, the intensity of the (002)
crystal plane peak of MXene increases and shifts, and a broad
peak is formed at 18.8°. Meanwhile, the XRD pattern of
MXene shows that there is a diffraction peak at 26 = 27.4°,
which is not present in the XRD pattern of MAX. All these
changes indicate that Al has been removed from Ti3AIC, and
MXene has been successfully prepared. The diffraction peaks
of ZnO/MXene at 20 =25.3°,31.8°, 34.4°,36.2°, 37.8°,48.0°,
54.0°, 55.1°, 56.6°, and 62.7° correspond to the (101), (100),
(102), (101), (004), (200), (105), (211), (110), and (103) planes,
and the diffraction peak at 20 = 27.4° corresponds to the XRD
pattern of MXene, likely originating from the diffraction peaks
of MXene. The diffraction peaks at 26 = 31.8°, 34.4°, 36.2°,
48.0°, 56.6°, and 62.7° all originate from ZnO, and the
diffraction peaks at 26 =25.3°,37.8°, 54.0°, and 55.1° are new
diffraction peaks in the XRD pattern of ZnO/MXene. This
may be caused by the interface effect of the ZnO/MXene
composite, indicating that the preparation of ZnO/MXene was
successful.
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The infrared spectral image results of ZnO, MXene, and
the ZnO/MXene composite are shown in Fig. 2b. It can be
observed that for ZnO, a characteristic peak is present at 430
cm’!, which is attributed to the stretching vibration of the Zn-
O bond. Additionally, another characteristic peak appears at
3460 cm’!, which is caused by the stretching vibration of -
OH.!» The FTIR spectra of MXene exhibit peaks at 3460 cm”
1,2920 cm, 1630 cm™, 1400 cm!, and 600 cm™'. These peaks
correspond, respectively, to the characteristic absorption peaks
of -OH, -CHs, C-F, O-H, and Ti-O bonds.? The ZnO/MXene
composite is rich in surface functional groups, including -OH
(3460 cm™), -CH3 (2920 cm™), O-H (1630 cm™), and Zn-O
(430 cm™). These results indicate the successful preparation of
the composite.

The Raman spectral image results of MXene and the
ZnO/MXene composite are shown in Fig. 2c and Fig. S7. The
characteristic Raman bands located at 201 cm™ and 620 cm’!
are assigned to the Alg symmetric out-of-plane vibration of Ti
atoms and the Eg group vibration of the surface functional
group atoms, respectively.?>?1 More importantly, the
overlapping peak at 1346 cm’! can be attributed to the carbon
structural defects caused by disordered sp* C atoms (band D),
while the peak at 1573 cm™! can be attributed to the graphite
layer of sp? mixed C atoms (band G),"*”? which is consistent
with the results shown in Fig. S7. The results indicate that
MXene is present in the ZnO/MXene composites.

The UV-vis absorption spectral image results of ZnO,
MXene, and ZnO/MXene composite are shown in Fig. 2d and
Fig. S8. ZnO exhibits a strong response to ultraviolet (UV)
light with a wavelength shorter than 390 nm. However, its
response is relatively low when the wavelength of visible light
exceeds 390 nm. In the UV-visible region, the spectrum shows
a sharp fundamental absorption, and there is a band-gap
absorption edge at 405 nm. This is due to the band-gap
absorption caused by the electronic transition from the valence
band to the conduction band of ZnO. After calculation, the
band gap width of ZnO nanoparticles is determined to be 3.06
eV. MXene shows a strong response to light within the
wavelength range of 250 to 800 nm, which can be attributed
to the darker color inherent to MXene itself. The ZnO/MXene
composite has a strong response to UV light with wavelengths
shorter than 350 nm, but a weak response in the visible light
range with wavelengths longer than 390 nm. The spectrum of
the composite exhibits strong absorption in the UV-visible
region, with a bandgap absorption edge at 426 nm. Based on
the calculation, the band gap width of the ZnO/MXene
composite is 2.91 eV. In the wavelength region above 400 nm,
the response of the ZnO/MXene composite to visible light is
approximately 200% stronger than that of the ZnO
photocatalyst. This phenomenon may be associated with the
unique properties of the 2D material MXene itself. The
presence of carbon can effectively adjust the band gap width
of semiconductor materials.®! Meanwhile, the UV-Vis
absorption spectra indicate that the ZnO/MXene composite
photocatalyst has been successfully prepared.
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The results of the XPS full spectra of ZnO, MXene, and the
ZnO/MXene composite are shown in Fig. S9. ZnO consists of
Zn, O, and C elements, and the Zn2p, Ols, and Cls orbitals
are detected. The content of the Zn element is 15.38%, the
content of the O element is 58.65%, and the content of the C
element is 25.97%. MXene contains Ti, O, and C elements,
and the characteristic Ti2p orbital is observed. The content of
the Ti element is 24.12%, the content of the O element is
11.68%, and the content of the C element is 56.23%. The
ZnO/MXene composite photocatalyst contains Zn, Ti, O, and
C elements, and the Zn2p, Ti2p, Ols, and Cls orbitals are
present simultaneously. The content of the Zn element is
18.4%, that of the Ti element is 5.68%, that of the O element
1s 56.37%, and that of the C element is 19.55%. These results
indicate that the ZnO/MXene composite photocatalyst has
been successfully prepared. The peak fitting results of Cls are
shown in Fig. 3a. MXene exhibits diffraction peaks at 282.2
eV and 284.8 eV. The peak at 282.2 eV corresponds to the C-
Ti bond, and the peak at 284.8 eV corresponds to the C-C bond.
In contrast, ZnO has diffraction peaks at 288.3 eV, 286.1 eV,
and 284.7 eV. These peaks correspond to the O-C=0, C=0,
and C-C bonds, respectively. The ZnO/MXene composite
shows diffraction peaks at 288.9 eV and 284.8 eV. Among
them, the functional group corresponding to the peak at 288.9
eV originates from the O-C=0 bond of ZnO, and the
functional group corresponding to the peak at 284.8 eV comes
from either the C-C bond of MXene or that of ZnO. The peak
fitting results of Ols are shown in Fig. 3b. ZnO exhibits
diffraction peaks at 531.4 eV and 529.9 eV. The main peak at
529.9 eV in ZnO is associated with the lattice oxygen (O*) in
the Zn-O bond, while the main peak at 531.4 eV is related to
the chemically adsorbed oxygen (-OH). In MXene, the main
peak at 530.1 eV is associated with the Ti-O bond, and the
main peak at 532.1 eV is related to -OH.?! For the
ZnO/MXene composite, diffraction peaks at 530.1 eV and
531.4 eV are observed. Among them, the functional group
corresponding to the peak at 530.1 eV originates from the Ti-
O bond of MXene, and the peak at 531.4 eV is associated with
the chemisorbed oxygen (-OH) of ZnO, which indicates the
successful synthesis of the composite material. The peak
fitting results of Ti2p are shown in Fig. 3c. MXene exhibits
diffraction peaks at 461.4 eV and 455.4 eV, which correspond
to the C-Ti-F bond and the Ti-C bond, respectively.?" The
presence of the F element may be attributed to the extensive
use of HF during the etching process, which leads to the
formation of the Ti-F bond in MXene. The energy difference
between these two bonds is within the range of 6.0 eV.For the
ZnO/MXene composite, diffraction peaks at 475.2 eV, 464.2
eV, and 458.4 eV are observed. Among them, the peak at 475.2
eV corresponds to the Ti-O-Zn functional group, indicating
that the composite contains Ti, O, and Zn elements, which
provides evidence for the successful synthesis of the
composite. The energy difference between the two diffraction
peaks at 464.2 eV and 458.4 eV is 5.8 eV, which is similar to
the energy difference range of the diffraction peaks in MXene
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Fig. 3: XPS spectra of (a) Cls, (b) Ols, (c) Ti2p and (d) Zn2p elements in MXene, ZnO and ZnO/MXene.

and corresponds to the C-Ti-F bond and Ti-C bond in MXene.
However, these two diffraction peaks exhibit a red shift,
suggesting that the material has been successfully composited
and an interface effect has been generated simultaneously. The
peak fitting results of Zn2p are shown in Fig. 3d. The Zn2p
spectra of ZnO and the ZnO/MXene composite exhibit
diffraction peaks at 1044.7 eV and 1021.5 eV. The binding
energy ranges for both ZnO and the ZnO/MXene composite
are 23.2 eV, and the spacing remains unchanged. This
indicates that all the Zn elements in the ZnO/MXene
composite originate from ZnO.

3.2 Photocatalytic activity of photocatalysts

As shown in Fig. S10a-b and Table S4, the highest removal
rate of MO is 11.05%, while the highest removal rate of p-NP
is 5.66%. The photodegradation rate of MO is higher than that
of p-NP, and the removal rates of both substances increase
with time. The pseudo-first-order and pseudo-second-order
kinetics constants are 0.0007 min™' and 0.00004 (mg/L)"!-min’
! for MO, and 0.0003 min™' and 0.00002 (mg/L) ! min! for p-
NP, respectively. The values for MO are all greater than those
for p-NP, indicating that the degradation rate of MO is higher
than that of p-NP.

The change curve of the MO removal rate with the reaction
time at different mass ratios of ZnO to MXene is shown in Fig.
4a. Without adding photocatalyst, the removal rate of MO is
very low and can be neglected. In the five groups of
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experiments using the ZnO/MXene composite, the removal
rate of MO is significantly improved. Analysis of the five
group experimental data shows that the removal efficiency of
MO first increases and then decreases as the mass ratio of ZnO
to MXene increases.When the mass ratio is less than 1:1, the
degradation performance improves with the increase of the
mass ratio. When the mass ratio is greater than 1:1, the
degradation performance decreases significantly as the mass
ratio increases. At a mass ratio of 1:1, the ZnO/MXene
composite has the best degradation effect on MO, and the
removal rate can reach 100% after 150 minutes of reaction.
The curve showing the change in the p-NP removal rate
with reaction time at different mass ratios of ZnO to MXene is
presented in Fig. 4b. Without a photocatalyst under UV
irradiation, the degradation rate of p-NP is extremely low and
can be ignored. By analyzing the five sets of experimental data,
we can observe that the removal rate of p-NP first increases
and then decreases as the mass ratio of ZnO to MXene
increases. When the mass ratio is less than 1:1, the degradation
performance improves as the mass ratio increases. When the
mass ratio is greater than 1:1, the degradation performance
decreases significantly as the mass ratio rises. At a mass ratio
of 1:1, the ZnO/MXene composite has the best degradation
effect on p-NP, and the removal rate can reach 74% after 180
minutes of reaction. The results indicate that the ZnO/MXene
composite also has a good degradation effect on p-NP, and the
optimal mass ratio is 1:1. The curve depicting the change in
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Fig. 4: The effect of mass ratio for MO (a) and p-NP (b), dosage for MO (c) and p-NP (d), and pH for MO (e) and p-NP (f) on

photocatalytic performance of ZnO/MXene.

the MO removal rate as a function of the dosage of ZnO and
MXene over the reaction time is shown in Fig. 4c. In the first
30 minutes in the dark, the removal rate of MO increased with
the increasing dosage of the ZnO/MXene composite catalyst.
After 30 minutes under ultraviolet light irradiation, the
removal efficiency of MO first increased and then decreased
as the dosage of the ZnO/MXene composite increased. When
the dosage was less than 0.5 g-L'!, the degradation
performance improved with the increase in dosage. When the
dosage was greater than 0.5 gL', the degradation
performance decreased as the dosage increased. When the
dosage of the ZnO/MXene composite was 0.5 gL', the
removal rate of MO was the highest, and it could reach 100%
after 180 minutes of reaction. This removal rate was
significantly higher than those of the other four groups of
experiments. These results indicate that the ZnO/MXene
composite has a good degradation effect on MO, and the
optimal dosage in the degradation test is 0.5 g-L"!. The curve
showing the effect of the dosage of ZnO and MXene on the
removal rate of p-NP over the reaction time is presented in Fig.
4d. In the first 30 minutes in the dark, the removal rate of p-
NP increased as the dosage of the ZnO/MXene composite
catalyst increased. After 30 minutes, under ultraviolet light
irradiation, the removal efficiency of p-NP first increased and
then decreased with the increasing dosage of the ZnO/MXene
composite. When the dosage was less than 0.7 g-L’!, the
degradation performance improved as the dosage increased.
When the dosage is greater than 0.7 g-L!, the degradation
performance decreases as the dosage increases. At a dosage of
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0.7 g-L"!, the ZnO/MXene composite has the best degradation
effect on p-NP, and the removal rate can reach 74% after 180
minutes of reaction. The experimental results indicate that the
ZnO/MXene composite material has a good degradation effect
on p-NP, and the optimal dosage in the degradation test is 0.7
g-L!. The curve showing the change in the MO removal rate
as a function of reaction time at different pH values is
presented in Fig. 4e. The ZnO/MXene composite material
exhibits a better degradation effect under acidic and neutral
conditions. When the pH = 2.0, the MO removal rate can reach
100% after 150 minutes of reaction. As the pH value increases,
the MO removal rate decreases, although the decrease is not
significant. The MO removal rate can still reach 100% after
180 minutes. The degradation efficiency of the ZnO/MXene
composite drops sharply under alkaline conditions. At pH =
8.0, the MO removal rate reaches 45.32% after 180 minutes of
reaction. This is because MO is an anionic dye, which is not
easily adsorbed and degrades poorly under alkaline conditions.
The curve of the p-NP removal rate as a function of
reaction time at different pH values is shown in Fig. 4f. As the
pH value increases, the removal rate of p-NP first increases
and then decreases. When the pH is less than 7, the
degradation performance improves gradually with the increase
in pH. When the pH is greater than 7, the degradation
performance decreases significantly with the increase in pH.
At a pH of 7, the ZnO/MXene composite has the best
degradation effect on p-NP, and the removal rate can reach 74%
after 180 minutes of reaction. The pseudo-first-order kinetics
and pseudo-second-order kinetics results of the photocatalytic
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photocatalytic performance of ZnO/MXene.

degradation of MO and p-NP using the ZnO/MXene
composite with different mass ratios as the photocatalyst are
shown in Figs. Sa-b and Tables S5-S6. When the mass ratio of
ZnO to MXene in the composite is 1:1, the pseudo -first-order
kinetic constant for MO degradation is 0.0226 min™!, while for
the remaining ratios, the constants range from 0.0007 min™' to
0.0174 min™'. The pseudo-first-order kinetics constant for p-
NP degradation is 0.0076 min!, and for the other ratios, the
constants range from 0.0003 min™ to 0.0053 min™!. The
degradation rate of MO is higher than that of p-NP, indicating
that the ZnO/MXene composite has a better degradation effect
on MO than on p-NP. When the mass ratio of ZnO:MXene is
1:1, the degradation rate is the fastest, which is significantly
better than that of the other four groups of materials. The
results of pseudo-second-order kinetics were consistent with
that of pseudo-first-order kinetics.

Figs. 5¢c-d and Tables S7-S8 show the results of the pseudo-
first-order kinetics and pseudo-second-order kinetics of the
photocatalytic degradation of MO and p-NP with changes in
the dosage of the ZnO/MXene composite. When the dosage of
the ZnO/MXene composite is 0.5 g-L™!, the pseudo-first-order
kinetics constant for MO degradation is 0.012 min!, and for
other dosages, the pseudo-first-order kinetics constants are
between 0.0069 min™! and 0.01 min™'. The degradation rate of
the ZnO/MXene composite is the fastest at this dosage, which
is significantly better than that of the other five groups. When
the dosage of the ZnO/MXene composite is 0.7 g-L"!, the
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pseudo-first-order kinetics constant for p-NP degradation is
0.0076 min™!, and for other dosages, the pseudo-first-order
kinetics constants are between 0.0003 min™' and 0.0059 min'.
The degradation rate of the ZnO/MXene composite is the
fastest at this dosage, which is significantly better than that of
the other five groups. The results of pseudo-second-order
kinetics were consistent with that of pseudo-first-order
kinetics.

The results of the pseudo-first-order kinetics and pseudo-
second-order kinetics of the photocatalytic degradation of MO
and p-NP with changes in pH are shown in Figs. 5e-f and
Tables S9-S10. At pH = 2.0, the pseudo-first-order kinetics
constant for the degradation of MO is 0.0295 min™!, and for
other pH values, the pseudo-first-order kinetics constants are
between 0.0032 min"' and 0.0264 min’!, indicating that the
ZnO/MXene composite has the best degradation effect on MO
at pH = 2.0. The removal efficiency of MO decreases as the
pH value increases. At pH = 8.0, the pseudo-first-order
kinetics constant for the degradation of MO decreases to
0.0032 min’!, indicating the worst degradation effect. The
pseudo-first-order kinetics constant for the degradation of p-
NP at pH = 7.0 is 0.0082 min™!, and for other pH values, the
pseudo-first-order kinetics constants are between 0.0062 min-
"and 0.0078 min™!, indicating that the ZnO/MXene composite
has the best degradation effect on p-NP at pH = 7.0. The
removal rate of p-NP first increases and then decreases as the
pH value increases. At pH = 2.0, 3.0, 4.0, 5.0, and 7.0, the
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Fig. 6: SEM images of the used ZnO/MXene composite(a)-(b) and the photocatalytic mechanism for degradation of MO and p-NP

by the ZnO/MXene composite under visible light irradiation (c).

degradation rate of MO is significantly higher than that of p-
NP. However, at pH = 8.0, the degradation rate of MO is
significantly lower than that of p-NP. This fully indicates that
the ZnO/MXene composite has a better degradation effect on
MO than on p-NP under acidic or neutral conditions, while the
degradation efficiency of MO is lower than that of p-NP under
alkaline conditions. The results of pseudo-second-order
kinetics were consistent with that of pseudo-first-order
kinetics.

3.3 Photocatalytic mechanism of ZnO/MXene

The SEM results of the ZnO/MXene composite material after
its use are shown in Figs. 6a-b. The structure of the
ZnO/MXene composite material remains unchanged after
being used, which indicates that the ZnO/MXene composite
material still exhibits a good photocatalytic performance and
has a long service life even after utilization. Possible
photocatalytic mechanisms for the degradation of MO and p-
NP pollutants are presented in Fig. 6¢. Under light irradiation,
electrons in the valence band of ZnO absorb energy and are
excited to transition to the conduction band. Correspondingly,
holes (h") are generated in the valence band, forming electron-
hole pairs.BY The holes can react with HO and OH" to form

Engineered Science Publisher

hydroxyl radicals (-OH),*?! and the electrons migrate to the
surface of ZnO particles under the action of the space electric
field. Subsequently, these electrons migrate to the surface of
MXene and react with O, to form superoxide radicals (-O7").?*
Both ‘OH and -O; contribute to the formation of reactive
oxygen species (ROS).BY Due to the nanoconfinement effect
of MXene and the interface effect between ZnO and MXene,
the constructed 0D/2D ZnO/MXene photocatalytic materials
exhibit a significant synergistic effect in the degradation of
MO and p-NP. This enhances the generation ability of free
radicals, endowing them with strong chemical activity. As a
result, the ability to degrade MO and p-NP organic pollutants
is improved, ultimately leading to the generation of CO; and
H>0.

3.4 Pollutant degradation process and toxicity calculation
The possible degradation pathways of MO are shown in Fig.
7. They can be divided into four paths. In the first path, the
sulfonic acid group is destroyed, and the hydroxyl group
replaces the sulfonic acid group to form MO-P1.3% The
carbon-nitrogen bond on the posterior benzene ring is broken,
resulting in the formation of MO-P2 and MO-P3. The second
path is demethylation. In this process, a -CH3 group on N is
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removed to generate MO-P4, and then another methyl group third path is that the hydroxyl group attacks the hydrogen on
is removed to obtain MO-P5.1°¢! After that, the carbon-nitrogen the benzene ring adjacent to the azo bond, and a substitution
bond on the benzene ring is broken, and the hydroxyl group reaction occurs to form MO-P6. Then a -CHj3 group on the N
attacks the benzene ring, generating MO-P8 and MO-P9. The is removed to obtain MO-P7, and another methyl group is
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Fig. 9: Bulk electrostatic potential of MO and MO-DPs.
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Fig. 10: Surface electrostatic potential of MO and MO-DPs.

removed to obtain MO-P5. Subsequently, the carbon-nitrogen
bond on the benzene ring is broken, and the hydroxyl group
attacks the benzene ring to form MO-P8 and MO-P9.5371 The
fourth path is the breaking of the N=N azo bond to form a HN-
NH single bond, resulting in the formation of MO-P10. Then,
demethylation occurs, and a -CH3 group on N is removed to
obtain MO-P11. Next, the HN-NH single bond is destroyed,
and all methyl groups on the right side of the molecule are
detached, transforming it into phenolic organic compounds,
and MO-P12 and MO-P13 are obtained respectively. Finally,
the low molecular weight organic matter are mineralized into
H,0 and CO; through the action of free radicals.

The simulated biotoxicity of the degradation products is an
important indicator for evaluating the catalyst or the
degradation process.®® The Developmental toxicity,

Engineered Science Publisher

Mutagenicity, Bioaccumulation factor, and Rat oral toxicity
LDso (mg-kg™') of MO and the MO degradation products (MO-
DPs: P1, P2, P3, P4, PS5, P6, P7, P8, P9, P10, P11, P12, P13)
in the presence of the ZnO/MXene composite were evaluated
through T.E.S.T. calculation. A series of generated MO-DPs
intermediates were selected to assess the biotoxicity of the
solutions treated during the degradation process of the
ZnO/MXene composite. MO and MO-DPs exhibited a
“Developmental toxicant” phenotype, whereas ZnO/MXene
composite treatment reduced the Developmental toxicity of P1,
P2, P3, P4, P5, P6, P7, P8, P9, P10, P11, P12, P13 (Fig. 8a and
Table S11). MO and MO-DPs exhibited a “Mutagenicity
positive” state, whereas the ZnO/MXene composite treatment
reduced the Mutagenicity of P5, P6, P8, P10, P11, P12, P13
and increased the Mutagenicity of P1, P2, P3, P4, P7, but not

Eng. Sci., 2025, 36, 1665 | 13


https://www.espublisher.com/

Research article

Engineered Science

of P9 (Fig. 8b and Table S11). The ZnO/MXene composite
treatment reduced the Bioaccumulation factor of P1, P2, P3,
P4, P5, P6, P7, and P8 (Fig. 8c and Table S11). ZnO/MXene
composite treatment reduced Rat oral toxicity LDso (mg-kg™)
in P1, P3, P5, P10, P11, 1P13 rats and increased Rat oral
toxicity LDso (mg-kg!) in P4, P6, P7, P12 rats (Fig. 8d and
Table S11).

The charge distribution can be described by the ESP, and
the results of ESP of MO are shown in Figs. 9-10. The

presence of red and blue regions can assist us in understanding
the charge distribution of molecules in different areas. The
charge distribution is crucial for comprehending the position
of the bulk phase charge distribution, as well as the reactivity
and the mechanisms of electrophilic and nucleophilic
reactions.For MO, MO-P4, MO-P5, MO-P6, MO-P7, MO-PS,
MO-P10, MO-P11, and MO-P12, the red regions of the ESP
represent the S=O and S-O bonds of the sulfonic acid group.
The blue regions represent the -CH3 groups, while for MO-P1,
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Table 1: The law of the parameters of the MO orbit.

Energy  lonization Electron  Electron Chemical Chemical Electrophilicity
Name Enomo Erumo (Egap po‘;:ntial azf;nity a(fﬁn(ilty softness El;:)c(tr(z;leie;t/izv)ity po(tential index
HOMO- = =- n=(- =(1+ p=-
ELumo) Enomo) Erumo) A)/2) &1zn) (I+A)/2) (o=y2m)
MO -7.70 1.14 8.85 7.70 -1.14 4.42 0.11 3.28 -3.28 1.22
Pl -7.15 2.19 9.34 7.15 -2.19 4.67 0.11 2.48 -2.48 0.66
P2 -7.51 2.97 10.48 7.51 -2.97 5.24 0.10 227 -2.27 0.49
P3 -8.45 1.69 10.14 8.45 -1.69 5.07 0.10 3.38 -3.38 1.13
P4 -7.80 1.14 8.94 7.80 -1.14 4.47 0.11 3.33 -3.33 1.24
P5 -7.94 1.13 9.07 7.94 -1.13 4.54 0.11 3.41 -3.41 1.28
P6 -7.76 1.30 9.05 7.76 -1.30 4.53 0.11 3.23 -3.23 1.15
P7 -7.85 1.29 9.14 7.85 -1.29 4.57 0.11 3.28 -3.28 1.18
P8 -9.65 1.48 11.13 9.65 -1.48 5.57 0.09 4.08 -4.08 1.50
P9 -1.77 2.99 10.75 7.77 -2.99 5.38 0.09 2.39 -2.39 0.53
P10 -7.24 3.00 10.24 7.24 -3.00 5.12 0.10 2.12 -2.12 0.44
P11 -7.36 3.01 10.37 7.36 -3.01 5.19 0.10 2.18 -2.18 0.46
P12 -8.53 2.85 11.38 8.53 -2.85 5.69 0.09 2.84 -2.84 0.71
P13 -7.51 431 11.83 7.51 -4.31 591 0.08 1.60 -1.60 0.22
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Fig. 12: p-NP degradation pathway.

the blue regions represent the O-H bonds. The variation in the
surface charge distribution mainly stems from the S=O bond,
S-O bond, and the structure and length of the hydrocarbon
chain. The regions enriched with negative charges are
precisely the red regions.

The Enomo, Erumo and energy gap of the intermediates
during the photocatalytic degradation of MO were calculated
to clarify the structure and evolution of these intermediates.
The results are shown in Fig. 11 and Table 1. The Enomo of
MO~P13 are -7.70277 eV, -7.14816 eV, -7.51182 eV, -8.45077
eV, -7.80096 eV, -7.94131 eV, -7.75934 eV, -7.85046 eV, -
9.64866 eV, -7.76587 eV, -7.23846 eV, 7.36413 eV, -8.52829
eV, -7.51482 eV. The Enomo of MO~P13 are 1.14403 eV,
2.19450 eV, 2.97133 eV, 1.69347 eV, 1.14267 eV, 1.12907 eV,
1.29554 eV, 1.28955 eV, 1.48458 eV, 2.98792 eV, 3.00478 eV,
3.00587 eV, 2.84702 eV, 4.31419 eV. The energy gap of
MO~P13 are 8.8468 eV, 9.34266 eV, 10.48315 eV, 10.14424
eV, 8.94363 eV, 9.07038 eV, 9.05488 eV, 9.14002 eV,
11.13323 eV, 10.75379 eV, 10.24325 eV, 10.37 eV, 11.37531
eV, 11.82901 eV. The energy gap of MO~P13 shows a gradual
upward trend. The energy gap value of MO was 8.8468 eV,
and those of P1~P13 ranged from 9.34266 eV to 11.82901 eV,
with the energy gap of MO being the smallest. The chemical
hardness also shows a gradual upward trend. The chemical
hardness of MO is 4.4234 eV, and the chemical hardness
values of P1~P13 were between 4.67133 eV and 5.9145 ¢V,
with the chemical hardness of MO being the lowest. The
chemical softness shows a gradual downward trend. The
chemical softness value of MO is 0.11304 eV, and the
chemical softness values of P1-P13 were between 0.10704 eV
and 0.08454 eV, with the chemical softness of MO being the

Engineered Science Publisher

highest.[3:40]

The possible degradation pathways of p-NP are shown in
Fig. 12. The first path is the reduction of p-NP to produce p-
aminophenol (p-NP-P1),*followed by catalytic hydrolysis to
yield hydroquinone (p-NP-P2), and then oxidation to produce
1,2,4-trihydroxybenzene (p-NP-P3). The second pathway may
also be the reduction reaction of p-NP to p-nitrosophenol (p-
NP-P4). After this reduction reaction, p-aminophenol (p-NP-
P1) is generated.*” Subsequently, after catalytic hydrolysis or
deamination, hydroquinone (p-NP-P2) or phenol (p-NP-P5) is
formed. Moreover, p-NP-P5 can be hydroxylated by hydrogen
peroxide to produce p-NP-P2 and 1,2-dihydroxybenzene (p-
NP-P7).%1 The third pathway may involve p-NP undergoing
hydrogen oxidation or denitrification to generate p-NP-P5 or
2,4-dinitrophenol  (p-NP-P6).  Subsequently, p-NP-P6
undergoes denitrification to form 1,2-dihydroxybenzene (p-
NP-P7).

The Developmental toxicity, Mutagenicity,
Bioaccumulation factor and Rat oral toxicity LDsy (mg-kg™)
of p-NP and p-NP-DPs (P1, P2, P3, P4, P5, P6, P7) during the
treatment of ZnO/MXene composite materials were evaluated
by T.E.S.T. calculation, and a series of p-NP-DPs
intermediates were selected. To evaluate the biotoxicity of
ZnO/MXene composites treated by degradation process. p-NP
and p-NP-DPs exhibited a “Developmental toxicant”
phenotype, whereas ZnO/MXene composite treatment
increased the Developmental toxicity of P1, P2, P3, P4, PS5, P6,
and P7 (Fig. 13a and Table S12). p-NP and p-NP-DPs
exhibited a “Mutagenicity positive” state, whereas the
ZnO/MXene composite treatment reduced the Mutagenicity of
P2, P3, P4, and P5 and increased the Mutagenicity of P1, P6,
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Fig. 13: Developmental toxicity (a), Mutagenicity (b), Bioaccumulation factor (c), Rat oral toxicity LDs (mg-kg™) (d) for p-NP and

p-NP-DPs.

and P7 (Fig. 13b and Table S12). The ZnO/MXene composite
process reduced the Bioaccumulation factor of P1, P3, P5, P6,
P7, and P8 and increased the Bioaccumulation factor of P2
(Fig. 13c and Table S12). ZnO/MXene composite treatment
reduced Rat oral toxicity LDso (mg-kg™!) in P1, P2, P3, P4, P5,
P7, P8 rats and increased Rat oral toxicity LDsy (mg-kg™') in

p-NP

P6 rats (Fig. 13d and Table S12).
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Fig. 14: Bulk electrostatic potential of p-NP.

of red and blue regions

The charge distribution can be described by ESP, and the
results of ESP of p-NP are shown in Figs. 14-15. The presence

can assist us in understanding the

charge distribution of molecules in different areas. The charge
distribution is crucial for comprehending the position of the
bulk phase charge distribution, as well as the reactivity and the

mechanisms of electrophilic and nucleophilic reactions. For p-
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NP, p-NP-P4, and p-NP-P6, the red region on the right side of with negative charges are precisely the red regions.
the ESP indicates the N=0 bond, the blue region represents the
O-H bond. For p-NP, p-NP-P1, p-NP-P2, p-NP-P3, p-NP-P4,
p-NP-P5, p-NP-P6, and p-NP-P7, the red region on the left
side of the ESP corresponds to the C-O bond. The difference
in the surface charge distribution mainly stems from the
structural and length differences of the N=0O bonds, O-H bonds, 0.35853 eV, -0.31185 eV, -0.30032 eV, -0.29399 eV, -0.34146
C-O bonds, and hydrocarbon chains. The regions enriched eV, -0.31722 eV, -0.34558 eV, -0.30757 eV. The ELumo of p-

The Enomo, Erumo and energy gap of the intermediates
during the photocatalytic degradation of p-NP were calculated
to clarify the structure and evolution of the intermediates
during the photocatalytic degradation of p-NP. The results are
shown in Fig. 16 and Table 2. The Enomo of p-NP~P7 are -

p-NP
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Fig. 15: Surface electrostatic potential of p-NP.

P2

HOMO

P4

2

LUMO

P3
.@P .
@ "

‘ LUMO

HOMO

J
HOMO

Engineered Science Publisher

Fig. 16: The changes of Enomo and Erymo of p-NP.
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NP~P7 are 0.04787 eV, 0.14595 eV, 0.13737 eV, 0.14393 eV,
0.06226 eV, 0.14492 eV, 0.04312 eV, 0.14934 eV. The energy
gap of p-NP~P7 are 0.40640 eV, 0.45780 eV, 0.43769 eV,
0.43792 ¢V, 0.40372 ¢V, 0.46214 eV, 0.38870 eV, 0.45691 eV.
The Enomo, ionization potential, electronegativity, chemical
potential and electrophilicity index were studied, and five

rules were found. The Enomo of p-NP~P7 shows a gradual
upward trend. The Enomo value of p-NP was-0.35853 eV, and
the Enomo values of P1~P7 were -0.31185 ¢V, -0.30757 €V,
and the Exomo value of p-NP was the largest. The ionization
potential shows a gradual downward trend. The lonization
potential of p-NP is 0.35853 eV, The ionization potential

Table 2: The law of the parameters of the p-NP orbit.

Energy  Ionization  Electron  Electron Chemical
Chemical
gap potential affinity affinity Electronegativity ~ potential ~ Electrophilicity
Name Enomo Erumo softness )
(Enomo- (I=- (A=- (m=(1- (=1/2m) (X=(1+A)/2) (u=- index (w=p/21)
=1/an
ErLumo) Enomo) Erumo) A)/2) (I+A)/2)
p-NP  -0.36 0.05 0.41 0.36 -0.05 0.20 2.46 0.16 -0.16 0.06
P1 -0.31 0.15 0.46 0.31 -0.15 0.23 2.18 0.08 -0.08 0.02
P2 -0.30 0.14 0.44 0.30 -0.14 0.22 2.28 0.08 -0.08 0.02
P3 -0.29 0.14 0.44 0.29 -0.14 0.22 2.28 0.08 -0.08 0.01
P4 -0.34 0.06 0.40 0.34 -0.06 0.20 2.48 0.14 -0.14 0.05
P5 -0.32 0.14 0.46 0.32 -0.14 0.23 2.16 0.09 -0.09 0.02
P6 -0.35 0.04 0.39 0.35 -0.04 0.19 2.57 0.15 -0.15 0.06
P7 -0.31 0.15 0.46 0.31 -0.15 0.23 2.19 0.08 -0.08 0.01
Table 3: Literature summary on the photocatalytic degradation and removal of organic pollutants.
Advanced
Pollutant Dosage of
oxidation Catalyst Pollutant ) Removal rate References
concentration catalyst
technology
MO:100%
MO 0.5gL"!
ZnO/MXene 20 mg-L-! p-NP:74% This work
p-NP 0.7 g'L!
(180 min)
100%
MXene-MOFs (MCoO@Co-N-C) BPA 20 mg-L! Smg [27]
(10min)
CR: 100 ppm CR: 98.89%
CR, TC,
BiOBr/BixMoOs@MXene c1p TC: 20 ppm - TC: 92.1% [13]
CIP: 20 ppm CIP: 90%
Photocatalysis MO: 99.7% (50
technology min)
ZnO/Ti3C2Tx MO,RhB - 30 mg [48]
RhB: 99.8% (70
min)
RhB: 97.5% (18
ZnO/MXene RhB 10 mol-L-! 100 mg ) [6]
min)
100%
SrTiO3/Ti3C2Tx(ST-10) TC 10 mg-L-! - [49]
(10 min)
ZnO@CO07 MB 10 L! 20 93.6% [50]
n mg-L” mg .
(900 min)
Fenton-like
MXene/Fe-Al LDH TC 20 mg-L-! 100 mg 80 % [51]

technology
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values of P1-P7 were between 0.31185 eV and 0.30757 €V,
and the ionization potential value of p-NP was the lowest. The
electronegativity shows a gradual downward trend. The
electronegativity value of p-NP is0.15533 eV, the
electronegativity values of P1-P7 were between 0.07912 eV
and 0.15123 eV, and the electronegativity value of p-NP was
the lowest. The chemical potential shows a gradual upward
trend. The chemical potential value of p-NP is -0.15533 eV,
The chemical potential values of P1~P7 were between -
0.15123 eV and -0.07503 eV, and the chemical potential value
of p-NP was the largest. The electrophilicity index shows a
gradual downward trend. The electrophilicity index value of
p-NP is0.05937 eV, the electrophilicity index values of P1~P7
were between 0.01286 eV and 0.05884 eV, and the
electrophilicity index value of p-NP was the lowest.[*4]

3.5 Environmental implication

In this paper, 0D/2D ZnO/MXene photocatalysts with
synergistically enhanced photocatalytic performance were
constructed. By leveraging the interface effect between
MXene and ZnO, along with the nanoconfinement effect of
2D MXene, ZnO/MXene materials exhibit outstanding
photocatalytic activity. 0D ZnO nanoparticles are embedded
on the surface of 2D MXene to construct a 0D/2D
heterostructure with an effective contact interface. This
heterostructure can promote the separation and transfer of
photogenerated charges.*! The d-orbital electrons of ZnO can
be excited to the conduction band and interact with the p-
orbital electrons of organic pollutants, leading to the formation
of new chemical bonds or the breaking of original chemical
bonds. By integrating the orbital changes during the
degradation process of organic pollutants in water treatment,
the 0D/2D photocatalytic model can significantly enhance the
photocatalytic efficiency and selectivity, which provided an
effective strategy for the removal of environmental
pollutants. 7]

In Table 3, the degradation performance of ZnO/MXene
photocatalyst was compared with reported references. Here,
different catalysts used in various advanced oxidation
techniques are compared, and it is clear that ZnO/MXene
photocatalyst exhibits better photocatalytic performance,
achieving 100% removal of MO after an 180 minutes reaction.
Therefore, by leveraging the nanoconfinement effect of 2D
MXene and the interface effect between MXene and the metal
oxide, efficient separation of photogenerated hole - electron
pairs is achieved. The nanoconfinement space constructed by
the interface of MXene layers leads to the enrichment of
radical/nonradica, ultimately realizing the efficient and rapid
photocatalytic degradation of organic pollutants. This study
provides theoretical and data support for enriching and
improving the related mechanisms of confined catalysis, and
provides support for the construction of efficient
photocatalytic systems and the synergy between sewage
treatment and carbon reduction.

Engineered Science Publisher

4. Conclusion

The polymeric spherical ZnO nanoparticles could be clearly
observed on the surface layer, edges, and inter-layer gaps of
the layered MXene structure, forming a composite
photocatalyst with a sandwich-like structure. The presence of
MXene enhanced the response to visible light. When the mass
ratio of ZnO to MXene in the ZnO/MXene composite was 1:1,
and the catalyst dosages were 0.5 gL' and 0.7 g-L!
respectively, the photocatalytic activity of the ZnO/MXene
composite was evaluated. The optimal removal rates of MO
and p-NP were 100% and 74% respectively. The mechanisms
for the enhancement of photocatalytic activity included the
nanoconfinement effect of MXene and the interface effect
between ZnO and MXene. The photocatalytic degradation
processes of MO and p-NP were different. The difference in
the surface charge distribution of MO mainly originated from
the S=0O bond. The energy gap and chemical hardness of MO-
DPs showed an upward trend. In contrast, the difference in the
surface charge distribution of p-NP mainly stemmed from the
N=0 bond. The Enomo value and chemical potential value of
p-NP-DPs  showed an upward trend, while the
electronegativity value and electrophilicity index showed a
downward trend. The toxicity test showed that the
intermediates in the photocatalytic degradation processes of
MO and p-NP had the potential for increased toxicity.
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