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ABSTRACT: In this study, two-dimensional (2D) nanosheet
photocatalysts of Bi,MoO4 with varying thicknesses were . Y Y .

synthesized by adjusting the temperature during the hydrothermal /\_/<\ ; i

reaction. The thinnest Bi,MoOg nanosheet reached an approximate v e B COo,
thickness of ~4 nm, while the thickest nanosheet measured only 234 Vk 0416 H.0
~16 nm. The photocatalytic performance for Rhodamine B (RhB)  “OH 2 R tal *O7 z
degradation was found to be the most effective for the thinnest ) //40 \ ; - © G

Bi,MoOg nanosheet, displaying a degradation rate constant of 0.11 ~ H20™"
min~". This rate was 2.5 times higher than that observed for the

~16 nm thick Bi,MoOg photocatalyst. The enhanced performance oy S
of the thinner two-dimensional nanostructure can be attributed to [Bi;OZ]“ [M700 J-
improved separation and migration of photogenerated charges.

Additionally, the study identified hydroxyl radicals (¢OH) and

superoxide radicals (#0,") as crucial oxidative species, contributing to the efficient mineralization of RhB dye. This work highlights
the controllable synthesis of 2D materials with varying thicknesses and their specific applications in photocatalytic oxidation.

Eg:2.50eV.

1. INTRODUCTION photocatalysts. In fact, factors such as photocatalyst light
absorption, charge separation, and surface redox sites can
significantly impact the degradation efficiency of pollutants in
printing and dyeing wastewater.'* Among these influencing

The efficient, clean, and sustainable treatment of printing and
dyeing wastewater has consistently posed challenges in the
textile and printing and dyeing industry.' ~> Currently, prevalent

methods for treating printing and dyeing wastewater include factors, charge separation and migration are crucial and have
biological treatment, physical treatment, and chemical treat- consistently restricted the efficiency of photocatalytic degrada-
ment.'~® However, these existing methods encounter significant tion."> Therefore, with the prerequisite of ensuring that the
issues. For instance, the microorganisms relied upon in photocatalyst possesses the capability to degrade printing and
biological treatment are highly susceptible to environmental dyeing wastewater, enhancing the separation efliciency and
conditions, temperature fluctuations, and water quality.” migration rate of photocatalyst charges to the greatest extent
Physical treatment methods are energy-intensive and fall short possible has become a critical research focus in the advancement
of completely mineralizing contaminants.® Chemical treatment of efficient photocatalytic oxidation technology.

mandates the use of large quantities of chemical reagents, Two-dimensional (2D) materials, exemplified by graphene,
resulting in resource consumption.” Consequently, there is a have garnered significant attention owing to their excellent
growing focus on low-cost, environmentally friendly methods electron transfer capabilities.'® Additionally, 2D materials offer
for treating printing and dyeing wastewater.'’ Inorganic significant advantages in photogenerated charge separation and
semiconductor photocatalysts, when exposed to light excitation, migration. First, the higher specific surface area provides more
generate reactive oxygen species with potent oxidatiolrll opportunities for light absorption, increasing the probability of
capabilities, facilitating the mineralization of most pollutants. generating photogenerated electron—hole pairs.”'* Second,

The utilization of inorganic semiconductor photocatalytic
technology has emerged as a representative approach for
achieving clean, green, and sustainable processes in the
treatment of printing and dyeing wastewater.'”

Photocatalytic oxidation technology effectively degrades
pollutants in printing and dyeing wastewater without the
addition of extra chemical reagents, utilizing solar energy as its
energy source.'” It is a green, environmentally friendly process
with low energy consumption. However, the efficiency of
photocatalytic oxidation technology is heavily reliant on

due to the thin thickness of 2D materials, the migration paths of
electrons and holes within the material are very short, reducing
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the possibility of recombination and contributing to the long life
of photogenerated charges.'” Moreover, some single-layer 2D
semiconductor materials exhibit a direct energy gap structure,
implying that the energy of electrons and holes within the band
gap is relatively small, facilitating the separation of photo-
generated charges.” Simultaneously, the optoelectronic struc-
ture of 2D materials may feature special energy band structures,
such as Dirac points or Dirac cones, providing additional
support for the effective separation and migration of photo-
generated charges.”' Finally, carriers in 2D materials generally
exhibit higher mobility within the crystal lattice, allowing them
to move more rapidly through the material and minimizing the
chance of recombination.”” Consequently, regulating the
structure of the photocatalyst to transform it into a 2D material
and adjusting its 2D thickness proves to be an effective means of
promoting charge separation and migration.

Here, we synthesized Bi,MoOg 2D nanosheet photocatalysts
with varying thicknesses by controlling the temperature during
the hydrothermal reaction. The thinnest Bi,MoO4 2D nano-
sheet photocatalyst achieved a thickness of ~4 nm. These
Bi;MoO4 2D nanosheet photocatalysts with different thick-
nesses exhibited high photocatalytic oxidation performance,
effectively achieving complete degradation and mineralization of
printing and dyeing wastewater within 1 h. Notably, the
degradation rate constant of Bi,MoOg 2D nanosheets with an
~4 nm thickness reached 0.11 min™!, which is 2.5 times that of
the Bi,MoOg 2D nanosheets with an ~16 nm thickness. The
thinner 2D structure facilitated the separation and migration of
photogenerated charges, leading to the generation of reactive
oxygen species, including hydroxyl radicals and superoxide
radicals. This process resulted in the complete removal of the
Rhodamine B (RhB) pollutant in printing and dyeing waste-
water.

2. EXPERIMENTAL SECTION

2.1. Reagents. Hexadecyltrimethylammonium bromide
[CH;(CH,)sN(Br)(CHs);, >98%], bismuth(III) nitrate pen-
tahydrate [Bi(NO;);:SH,0, ACS reagent, >98.0%], sodium
molybdate dihydrate [Na,M00O,-2H,0, ACS reagent, >99%],
and chloroplatinic acid hexahydrate were purchased from
Sigma-Aldrich Chemical Reagent Co. Ltd.

2.2. Catalyst Preparation. The ultrathin Bi,M0oQOg4 nano-
sheets were synthesized through a straightforward hydrothermal
reaction. Specifically, 1 mmol of Na,MoO,-2H,0, 2 mmol of
Bi(NO;);-SH,0, and 0.05 g of hexadecyltrimethylammonium
bromide (CTAB) were added to 80 mL of deionized water and
stirred for 30 min. The mixed solution was then transferred into
a 100 mL Teflon-lined autoclave, sealed in a stainless steel tank,
and subjected to hydrothermal reaction. The hydrothermal
temperature was maintained at 140, 120, 110, 100, 90, and 80 °C
for 24 h, respectively. Finally, the product was collected, washed
several times with deionized water, and dried at 70 °C in air for
12 h. The resulting samples were labeled as BMO-140, BMO-
120, BMO-110, BMO-100, BMO-90, and BMO-80 according to
the respective hydrothermal temperatures.

2.3. Photocatalytic RhB Degradation. First, a solution of
RhB with a concentration of 10 mg/L was prepared. Then, 30
mL of the solution was added to the photocatalytic degradation
reactor followed by 30 mL of water and 60 mg of catalyst. The
mixture was stirred in the dark for half an hour until catalyst
adsorption equilibrium was reached. A 300 W xenon lamp (PLS-
SXE300/300UV, Beijing Perfectlight Technology Co. Ltd.)
with a UV cutoff filter (4 > 420 nm) was used for photocatalytic

degradation of RhB under simulated visible sunlight. Samples
were taken every 10 min from the beginning of light until RhB
was completely degraded. The RhB solution obtained during the
degradation process was centrifuged, and the centrifuged
solution was measured for absorption spectrum using an
ultraviolet—visible spectrophotometer to determine the degra-
dation process of RhB at its maximum absorption wavelength
(554 nm). The degradation rate of the catalyst to RhB can be
calculated using eq 1 to evaluate the photocatalytic activity of the
catalyst.

D = [(Ay — A)/A,] X 100% (1)

The measurement parameters of the ultraviolet—visible
spectrophotometer (model: TU-1901 double light velocity)
were as follows: the scanning range was 200—800 nm, the
wavelength repeatability was <0.1 nm, and the scanning speed
was 2 nm s~ . The solution was quantitatively analyzed based on
Lambert—Beer’s law, which states that A = ebc (where A is the
absorbance, € is the molar absorptivity, b is the thickness of the
liquid pool, and c is the solution concentration).

2.4. Characterizations. The catalyst’s crystal phase
structure was verified using X-ray diffractometry (XRD) with
Cu—Ka irradiation (1 = 1.5406 A). Raman spectroscopy was
conducted using the Inva-Reflex Micro-Raman Spectroscopy
System 1000, employing a 532 nm solid-state laser for excitation
across the 100—2000 cm™' wavenumber range. Spectral
resolution was <1 cm™" for the visible spectrum and <2 cm™
for the ultraviolet spectrum. Morphological and crystal structure
analyses were performed using field emission scanning electron
microscopy (FE-SEM, JEOL JS-6701F) and field emission
transmission electron microscopy (FETEM, Talos F2008S). The
catalyst’s electronic structure was examined through X-ray
photoelectron spectroscopy (XPS), calibrated to the C 1s peak
at 284.8 eV. The specific surface area was determined by
nitrogen adsorption—desorption isotherm tests at 77 K using a
Micromeritics ASAP 2020 apparatus, followed by Brunauer—
Emmett—Teller (BET) analysis. UV—vis diffuse reflectance
spectra (UV—vis DRS) were acquired with a Varian Cary 500
UV—vis spectrometer, using BaSO, powder as a reference, and
scanning from 200 to 800 nm at a speed of 200 nm min™".
Electron paramagnetic resonance (EPR) spectroscopy measure-
ments were conducted at room temperature using a Bruker
A300 EPR spectrometer. DMPO served as a capture agent to
detect hydroxyl radicals and superoxide radicals, respectively.
Water and methanol were used as solvents to detect hydroxyl
radicals and superoxide radicals, respectively. Initially, 2.5 mg of
photocatalyst was dispersed in 0.5 mL of water or methanol,
respectively. Subsequently, 20 4L of DMPO solution was added.
After thorough mixing of the mixture, a certain amount of the
mixed solution was absorbed using a capillary tube, and both
ends of the capillary tube were sealed with plasticine. Finally, the
sealed capillary tube was placed in an EPR test tube for analysis
and in a liquiTOC II total organic carbon analyzer for total
organic carbon testing,

2.5. Photoelectrochemical Characterization. To pre-
pare the working electrode, the catalyst was dispersed in ethanol
using ultrasonication. The resulting mixed solution was then
deposited onto fluorine-doped tin oxide (FTO) conductive glass
and air-dried. Photoelectrochemical experiments were con-
ducted in a three-electrode system using a CHI-660D
workstation, with an Ag/AgCl electrode as the reference
electrode and a graphite sheet as the counter electrode. The
photocurrent test employed a 0.2 M Na,SO, solution as the
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Figure 1. (a) XRD patterns of Bi,MoOg samples prepared at various temperatures. XPS spectra of Bi,MoOg samples prepared at various temperatures:
(b) XPS spectra of Bi 4f, (c) XPS spectra of Mo 3d, and (d) XPS spectra of O 1s. (e) UV—vis DRS and (f) XPS-VB spectra of Bi,MoO, samples

prepared at various temperatures.

Figure 2. (a) SEM image of BMO-110. (b) TEM image of BMO-110 with a scale bar of 500 nm. (c) TEM image of BMO-110 with a scale bar of 100
nm. (d) HRTEM image of BMO-110. (e—h) EDX elemental mapping images.

electrolyte, and a Xe lamp served as the simulated light source.
Electrochemical impedance spectroscopy (EIS) experiments
were performed in a mixed solution containing 0.5 M KCI and
5.0 mM K,[Fe(CN),]/K,[Fe(CN)].

3. RESULTS AND DISCUSSION

3.1. Composition and Structural Characterization.
Bi,MoOg nanosheet photocatalysts with different thicknesses
were prepared using a simple one-step hydrothermal method.
The XRD diffraction peaks of the samples, prepared under
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different temperature conditions, correspond one-to-one with
the standard XRD diffraction peaks of orthorhombic Bi,MoOq
(PDF#84-0787).” No diffraction peaks of any other impurities
were observed, indicating high sample purity, as shown in Figure
la. Moreover, as the preparation reaction temperature increases,
the crystallinity of the sample also gradually increases. It is
noteworthy that the poor crystallinity of the BMO-80 sample is
attributed to the lower preparation temperature.”* Additionally,
the elemental composition and valence state of samples
synthesized under different temperature conditions were

https://doi.org/10.1021/acsomega.4c02493
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Figure 3. Visible light photocatalytic degradation of RhB was studied by investigating: (a) degradation curves of a series of catalysts under light
irradiation, (b) the corresponding In(C,/C) — t values; and (c) the reaction rate constants. (d) Degradation curves of different RhB concentrations and
(e) the corresponding In(C,/C) — t as well as (f) reaction rate constants.

explored through XPS. A set of double peaks with binding
energies of 158.92 and 164.21 eV were assigned to the XPS
peaks of Bi 4f,,, and Bi 4f;;, of the BMO-80 photocatalyst,
indicating a valence state of Bi as +3.° As the reaction
temperature increases, the XPS double peaks of Bi 4f,,, and Bi
4f; ), gradually shift toward higher binding energy, as shown in
Figure 1b, possibly due to enhanced crystallinity. The double
peaks with binding energies of 232.02 and 235.15 eV belong to
the XPS peaks of Mo 3d;;, and Mo 3d;,, of the BMO-80
photocatalyst, as shown in Figure 1¢, indicating a valence state of
Mo as +6.°° It was observed that as the sample preparation
temperature increases, the XPS double peaks of Mo 3ds,, and
Mo 3d;), gradually shift toward higher binding energy. For
BMO-80, the XPS peaks with binding energies of 529.87,
531.40,and 532.19 eV belong to the XPS peaks of lattice oxygen,
surface hydroxyl groups, and surface-adsorbed oxygen species,
respectively.”’ > As the catalyst preparation temperature
increases, the XPS peaks of surface-adsorbed oxygen species
gradually disappear. Simultaneously, the XPS diffraction peak
attributed to lattice oxygen also shows a shift toward higher
binding energy, as shown in Figure 1d. The UV—visible diffuse
reflectance spectrum shows that the band gap value of the
sample under a series of different temperature preparation
conditions is between 2.51 and 2.63 €V.”" Since the band gap
values are all less than 2.95 eV, it means that the samples all have
the ability to absorb visible light. Finally, valence band XPS was
used to test the valence band potential of the photocatalyst, as
shown in Figure 1f. Obviously, the valence band edges of the
series of photocatalysts are estimated to be +2.23, +2.34, and
+2.28 eV below the Fermi level, respectively, by linear
extrapolation. In addition, the conduction band edges of the
series of photocatalysts are located at —0.23, —0.16, and —0.40
eV, respectively, obtained by E, = Eyg — Ecg, where E, is the
semiconductor band gap; Eyy is the valence band edge potential;
and Ey is the conduction band edge potential.”’
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3.2. Morphological Characterization. SEM and TEM are
employed for the analysis and observation of the micro-
morphology of catalysts. SEM indicates that BMO-110 exhibits
the fundamental morphology of 2D nanosheets with a high
dispersion between them (Figure 2a). Simultaneously, TEM, at
various magnifications, reveals the 2D nanosheet structure of the
BMO-110 sample (Figure 2b,2c). Additionally, AFM reveals
that the thicknesses of BMO-80, BMO-90, BMO-100, BMO-
110, BMO-120, and BMO-140 are approximately ~16, ~12, ~6,
~4, ~8, and ~9 nm, respectively (Figure S1). Clearly, BMO-110
has the thinnest size, which is advantageous for the separation
and migration of photogenerated charges. HRTEM distinctly
shows 0.316 nm lattice fringes, corresponding to the (1 3 1)
crystal plane of Bi,MoOy (Figure 2d). Furthermore, the
elemental mapping images (Figure 2e—2h) distinctly depict
the uniform distribution of each element. This further affirms
the successful preparation of high-quality Bi,MoOg 2D nano-
sheets. Nitrogen physical adsorption measurements show that
the specific surface area of BMO-80, BMO-90, BMO-100,
BMO-110, BMO-120, and BMO-140 are 8.4, 12.6, 18.9, 32.6,
28.4, and 27.6 cm” g, respectively (Figure S2).

3.3. Photocatalytic RhB Degradation. The photocatalytic
performance of a series of Bi;MoOy photocatalysts and P25
samples with different thicknesses was evaluated through visible
light photocatalytic RhB dye degradation experiments. The
blank experiment without adding any photocatalyst showed that
RhB did not undergo obvious self-degradation under visible
light irradiation. Since the band gap of P25 is about 3.1-3.2 eV
and cannot be excited by visible light, it fails to show
photocatalytic degradation performance for RhB (Figure
$3).>> A series of Bi,MoOg photocatalysts with different
thicknesses exhibit visible light photocatalytic RhB degradation
performance due to their ability to absorb visible light. For
Bi,MoOy photocatalysts with different thicknesses, complete
degradation of RhB can be achieved basically within 70 min, as

https://doi.org/10.1021/acsomega.4c02493
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Figure 4. (a) Photocurrent response test with periodic on/off cycles. (b) Impedance Nyquist plots of the samples. EPR signals for (¢) DMPO—eOH

and (d) TMPO—e0,".

shown in Figure 3a. Especially for BMO-110, the degradation
efficiency of RhB can reach 93.5% within 10 min, which is much
higher than the degradation efficiency of BMO-80 (67.6%) for
RhB within 10 min. When testing total organic carbon, 10 min,
the RhB mineralization can reach 46.9%. The reason why BMO-
110 has the best photocatalytic performance may be its thinnest
thickness, which is beneficial to the separation of photo-
generated charges. The order of photocatalytic effects of the
series of photocatalysts on RhB dyes is BMO-110 > BMO-120 >
BMO-140 > BMO-100 > BMO-90 > BMO-80. Increasing the
concentration of RhB further to S0 mg L', the photocatalytic
performance of the series of photocatalysts on RhB dyes follows
the order of BMO-110 > BMO-140 > BMO-90 > BMO-80
(Figure S4). In addition, the degradation kinetics curve of the
photocatalyst RhB conforms to the pseudo-first-order linear
transformation In(Co/C) = kt, as shown in Figure 3b. At the
same time, the RhB degradation rate constants of the series of
photocatalysts showed a typical volcano-type law, as shown in
Figure 3c. The pseudo-first-order reaction kinetic rate constant
of the BMO-110 sample reached 0.092 min~}, which is twice
that of the BMO-80 sample (0.045 min~"). Additionally, the
degradation performance of BMO-110 samples to different
concentrations of RhB was also studied, as shown in Figure 3d.
As the concentration of the RhB solution increases, the time
required for degradation also increases. Despite this, BMO-110
can achieve 100% degradation of RhB at different concen-
trations within a specific time frame. The kinetic curves of BMO-
110 degradation by RhB at different concentrations also
conform to the pseudo-first-order linear transformation —In-
(Cy/C) = kt (Figure 3e). The pseudo-first-order reaction
kinetics of 5, 10, and 20 mg/mL RhB solutions were 0.108, 0.09,
and 0.078 min~", respectively (Figure 3f). Three cycles of
experimental testing show that the BMO-110 photocatalyst has
excellent photocatalytic stability. Each cycle was completed
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within 60 min, essentially achieving complete degradation of
RhB (Figure SS). The crystalline phase structure and light
absorption of the catalyst did not change significantly before and
after the reaction, indicating that the catalyst has good stability
(Figures S6—S8).

3.4. Photoelectric and Radical Characterization. To
elucidate the differences in the photocatalytic properties of
Bi,MoO4 2D nanosheets with different thicknesses, the
separation efficiency and migration rate of carriers were
evaluated through photoelectric and fluorescence tests. Clearly,
the BMO-110 2D nanosheet photocatalyst, with the smallest
thickness, exhibits the highest photocurrent density and the
smallest electrochemical impedance radius compared to other
samples, as shown in Figure 4a,4b.>* At the same time, BMO-
110 also exhibited the lowest fluorescence intensity and longer
fluorescence lifetime (Figures S9 and S10). This indicates that
the BMO-110 sample has the best photogenerated charge
separation efficiency and migration rate. Thinner 2D materials,
due to their reduced thickness, can significantly enhance carrier
separation and shorten the distance of carrier migration.
Consequently, photogenerated charges quickly migrate to the
surface of the catalyst to undergo redox reactions. Additionally,
EPR was employed to detect reactive intermediates of oxidation
reactions during the process. ®¢OH and @O, were successfully
detected as important intermediates, as shown in Figure 4c,4d.>*
Meantime, compared with other samples, the BMO-110 2d
nanosheet photocatalyst with the smallest thickness also
exhibited the strongest EPR signals of eOH and eO,".
Therefore, it possesses the best photocatalytic activity. ¢ OH
and @O, are crucial intermediate active substances capable of
oxidizing RhB to CO, and H,0. Hence, the addition of a «OH
masking agent, tert-butyl alcohol, and a ¢O,™ masking agent, p-
benzoquinone, during the RhB degradation process determined
the main intermediates for the photocatalytic degradation of
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RhB by the Bi,MoOg4 2D nanosheet photocatalyst. As shown in
Figure S11, the addition of tert-butanol only delayed the
degradation time, while the addition of the p-benzoquinone
masking agent resulted in incomplete degradation of RhB. This
suggests that €0, may be the primary intermediate for the
photocatalytic degradation of RhB by the Bi,MoOg 2D
nanosheet photocatalyst.

3.5. Photocatalytic Mechanism. Building upon the
preceding discussion, we propose the mechanism for the
photocatalytic degradation of RhB by bismuth molybdate
nanosheets, illustrated in Figure 5. Bi,MoQOg constitutes a

\ co
VB cB e
234 Vg N R o

Eg:2.50eV.

[Biz0,]** [MoO,J

Figure S. Diagrammatic representation of the photocatalytic
degradation mechanism of RhB using Bi,MoOg Nanosheets. The
background crystal structure was created by VESTA program.*®

layered material, comprising [Bi,O,]** layers and corner-sharing
[MoOg]*™ octahedral layers. Bi,MoOg nanosheets exhibit either
a sandwich structure of [BiO]*—[MoO4]* —[BiO]* or a
nonsandwich structure of [Bi,0,]**—[MoO4]*". In the
presence of illumination, Bi;MoOg nanosheets undergo
excitation by light, resulting in the generation of photogenerated
electrons and holes. The ultrathin 2D structure facilitates the
efficient separation and migration of these photogenerated
charges. Consequently, photogenerated electrons engage with
surface O, to produce ©0O,”, whereas photogenerated holes
oxidize H,O into e OH. The robust oxidizing capacity of «OH
and @0, leads to the further mineralization of the RhB dye into
CO, and H,O0.

4. CONCLUSIONS

Through the adjustment of the hydrothermal reaction temper-
ature, a series of 2D Bi,MoOg nanosheet photocatalysts with
varying thicknesses were successfully synthesized. The thinnest
Bi,MoOg nanosheets measure approximately ~4 nm in
thickness, while the thickest nanosheets are only ~16 nm
thick. Notably, the thinnest Bi,MoO4 nanosheets exhibit the
most efficient photocatalytic degradation of Rhodamine B,
boasting a degradation rate constant of 0.11 min~". This value is
2.5 times greater than the degradation rate of the Bi,MoOq
photocatalyst with a thickness of ~16 nm. The thin 2D
nanostructures play a crucial role in facilitating the separation
and migration of photogenerated charges. Additionally, €O,~,
identified as the primary active intermediate, effectively drives
the mineralization of RhB.
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