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Abstract 

Photocatalytic degradation of organic pollutants has emerged as a promising approach 
for wastewater treatment due to its environmental friendliness and high efficiency under 
mild conditions. This study focuses on evaluating materials for the decolorization of 
methylene blue (MB) and methyl orange (MO), which are commonly used cationic and 
anionic dyes, respectively, known for their persistence and toxicity in aquatic environ-
ments. The research investigates the synthesis of a Mott–Schottky junction at the interface 
of two materials using MXene as a dopant. We synthesized three MXene-containing Po-
rous Organic Polymers (POP-2MX, POP-6MX, and POP-10MX), incorporating 2%, 6%, 
and 10% MXene, respectively. UV–Vis spectroscopy tests revealed that all polymers ex-
hibited high degradation efficiency; however, POP-6MX demonstrated the best overall 
activity. Under illumination of a 500 W Xenon lamp (λ > 420 nm) with a catalyst loading 
of 1 mg/mL, POP-6MX achieved complete adsorption-corrected degradation of MB and 
MO within 10 and 45 min, respectively. This research also investigated the influence of 
pH on photocatalytic performance under homogeneous aqueous conditions, revealing 
that neutral pH provides the optimal environment for degradation activity. The photo-
catalytic mechanism follows a reactive oxygen species (ROS)-dominated pathway, pri-
marily driven by superoxide radicals (•O2−) and hydroxyl radicals generated through 
photochemical reactions. These results demonstrate the potential of POP-1/MXene com-
posites as efficient and recyclable photocatalysts for sustainable dye wastewater treatment 
applications. 
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1. Introduction 
Due to the rapid expansion of various industries such as chemical, pharmaceutical, 

and agricultural sectors, water contamination caused by the release of various pollutants, 
including pesticides, steroids, hormones, and organic dyes, has significantly increased. 
Industrial dye production involves over 100,000 different dyes. Notably, 70% of the dyes 
used today are azo dyes characterized by their azo bond (N=N) [1]. Among these, approx-
imately 12% include commonly used dyes such as methylene blue and methyl orange, 
generating about 0.7 million tons of dye waste annually, which represents almost 20% of 
the dyes generated worldwide, much of which is lost during the dyeing process or dis-
charged into water bodies without proper treatment, causing widespread environmental 
damage [2,3]. Once released in water bodies, these organic dyes can break down into 
highly toxic persistent compounds that resist degradation, posing serious threats to hu-
man health and the ecosystem through contaminated water sources [4]. Due to the in-
creasing environmental and health risks posed by toxic wastewater, there is a growing 
need to address this issue by focusing on green, effective removal strategies for 
wastewater treatment and dye degradation. Notably, the most environmentally friendly 
approaches either aim to recycle dyes back into the production process or to break them 
down into non-toxic, biodegradable components. This led scientists to develop visible 
light photocatalyst technologies that work by converting solar energy into chemical en-
ergy and stand out for their potential to catalyze various chemicals, including removing 
water contaminants [5]. 

Within this field, semiconductors have been widely studied and applied for their 
photocatalytic properties, particularly because of their ability to promote various chemical 
reactions under light irradiation [6]. Their ability to degrade organic pollutants into harm-
less byproducts such as carbon dioxide (CO2) and water (H2O) offers a sustainable ap-
proach to water purification. This method avoids the need to add chemical agents to break 
down pollutants; the photocatalysts can easily be recycled, ensuring that the treated efflu-
ent product remains free from toxic contaminants and minimizes the introduction of ad-
ditional secondary pollutants directly coming from the photocatalyst material. Recently, 
various metal oxides and metal complexes have been used as semiconductors. However, 
their widespread applications are limited by their cost and metal leaching potential, ren-
dering them less practical for real-world applications [7,8]. On the other hand, porous or-
ganic polymers (POPs), known as rationally tailored π-conjugated organic networks, rep-
resent a class of amorphous, highly conjugated materials with a high surface area and 
tunable porosity. Their unique properties address key challenges such as metal leaching 
and inefficiency in band gap configuration [9]. Despite their advantage, they face several 
recyclability limitations, such that some POPs exhibit limited visible light absorption de-
pending on their band gap structure and are often only active under UV light since not all 
of them have the right band gap to absorb visible light radiation. Additionally, the photo-
generated electrons and holes during the process tend to recombine rapidly before partic-
ipating in the degradation of the pollutant, reducing the efficiency of the process [10]. A 
potential solution is to dope the photocatalysts with different materials into photocatalytic 
systems to tailor their physicochemical properties and enhance their photocatalytic per-
formance. Among these strategies, the incorporation of highly conductive materials, such 
as MXene, into the semiconductor’s framework provides an intensive surface area that 
promotes catalytic reactions while simultaneously improving charge transport properties. 
Additionally, tuning the electrical properties provides precise control over the electrical 
behavior and results in excellent ionic conductivity. For example, in the study introduced 
by Zhang et al. in 2023 [11], MXene was incorporated within the TiO2 semiconductor to 
overcome its low photocatalytic activity under visible light irradiation. The resulting cat-
alyst exhibited enhanced photocatalytic activity in the visible spectrum, thereby opening 
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new possibilities for the development of efficient, solar-driven water purification technol-
ogies. Similarly, a BiVO4/Ti3C2 MXene heterojunction nanocomposite was synthesized 
through the integration of MXene into pristine BiVO4 [12]. The incorporation of MXene 
effectively reduced the bandgap energy of BiVO4 from its original value of 2.4 eV to 1.99 
eV, leading to better visible light absorption and reducing the electron-hole pair recombi-
nation rate. Research has revealed that the use of highly disordered two-dimensional na-
nomaterials, such as MXenes, can substantially enhance the photocatalytic activity of sem-
iconductor systems. Owing to their unique properties and notable conductivity, MXenes 
are able to solve one of the most intriguing challenges in the field of photocatalytic mate-
rials [13–16]. 

Earlier, our group made significant progress in the field of photocatalysis by synthe-
sizing an engineered POP material, called POP-1. POP-1 is a hierarchical conjugated po-
rous organic polymer network synthesized via Sonogashira cross-coupling reaction using 
1,4-diethynylbenzene as the linear alkyne linker and 1,3,5-tribromobenzene as the trigonal 
node, with Pd (PPh3)4/CuI as catalyst. Synthesized using a high-dilution technique, POP-
1 possesses low density, high dispersibility, impressive surface area, large mesopores for 
efficient mass transport, and wide UV-Vis absorption covering a significant portion of the 
solar spectrum, making it a highly promising photocatalytic platform. for the degradation 
of various organic pollutants under both natural and visible sunlight, offering a promising 
solution for wastewater [17]. By combining POP-1 with MXene, we expect a significant 
enhancement of its photocatalytic properties, making it a promising material for tackling 
environmental challenges and organic pollutant degradation. 

This study explores the synthesis and application of an MXene-doped POP-1 compo-
site material with exceptional photocatalytic properties for the degradation of organic 
dyes in aqueous environments. The photocatalyst synthesized in this work exhibited a 
high surface area, which significantly contributes to its photocatalytic performance. Ad-
ditionally, it exhibited remarkable degradation ability for various classes of organic dyes, 
including both cationic and anionic pollutants, such as methylene blue and methyl orange, 
under visible light illumination. 

2. Results 
Offering an insight into the stoichiometry and the chemical state of elements pre-

sented in the sample. XPS analyses were performed using Thermo Fisher ESCALAB 250Xi 
to measure the chemical state of the elements. The resulting spectra were deconvoluted 
and fitted using a Lorentzian-Gaussian line shape to get a precise peak identification. Be-
fore peak deconvolution, a calculated baseline subtraction was applied to ensure an accu-
rate quantitative analysis of the binding states. Survey scan spectra were obtained across 
the binding range of 0–800 eV, showing a major C1s peak at 284.8 eV and a minor oxygen 
peak at 529.5 eV that can be attributed to surface-absorbed oxygen. Due to the low amount 
of MXene being present in the composite materials and its homogenous dispersion 
throughout the sample, titanium was not detected by the XPS analysis. The deconvolution 
of the C1s peak resulted in two peaks: a graphitic C=C peak at 284.8 eV and a C≡C peak 
at 286.0 eV, confirming the presence of a triple bond within the material’s skeleton at-
tributed to the acetylene group in the POP-1 (Figures S1 and S2). Moreover, solid-state 13C 
NMR spectroscopic analysis was conducted to further analyze the structure of the synthe-
sized material. Both spectra, POP-1 and MXene-containing POP with 10%, exhibited sim-
ilar features by detecting a medium-intensity peak at 89.76 ppm, corresponding to acety-
lene (C≡C) bonds. Additionally, a high intensity and sharp peak were observed in the 
aromatic regions between 120 and 132 ppm [8], attributed to the presence of C=C from the 
aromatic benzene rings within the photocatalysts’ framework, as represented in Figure 
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S3. These findings are consistent with XPS analysis, further validating the structural com-
position and confirming the intended polymer’s framework [17]. 

Additionally, Fourier Transform Infrared (FT-IR) spectroscopy was employed to an-
alyze the chemical transformation of the material. A strong absorption peak was detected 
in the double bond range between 1500 and 1650 cm−1, corresponding to the aromatic bond 
conjugation within the polymer’s framework [18]. The spectra also exhibit a small peak 
within the triple bond range from 2000 to 2500 cm−1 that is attributed to the C≡C stretching 
[19], confirming the successful coupling of the monomers (Figure 1). The combination of 
XPS and 13C NMR analyses, as shown in Figure S1, further validates the successful for-
mation of the composite material [20]. In the 500–1000 cm−1 region, aromatic C–H out-of-
plane bending and ring deformation bands of the POP backbone overlap with Ti–O (~560–
605 cm−1) and Ti–F (~640–690 cm−1) stretching vibrations of MXene, the latter becoming 
more prominent at higher MXene loading. The broad band at 3000–3600 cm−1 is assigned 
to O–H stretching of surface hydroxyl groups and adsorbed water. This band is far more 
pronounced in MXene than in POP-1, since etching of the Ti3AlC2 MAX phase generates 
abundant hydrophilic –OH/–O/–F terminations absent in the purely organic POP-1 frame-
work; its intensity increases steadily from POP-2MX to POP-10MX, confirming successful 
incorporation of MXene into the composites [21,22]. 

 

Figure 1. Comparative FT-IR spectral pattern of MXene, POP-1, POP-2MX, POP-6MX, and POP-
10MX. 

The X-ray diffraction (XRD) analysis patterns of POP-1, POP-2MX, POP-6MX, and 
POP-10MX indicate the absence of sharp reflection peaks (Figure S4); instead, a large 
broad hump in the range of 15° to 20° is observed, indicating the amorphous nature of the 
highly cross-linked porous organic polymer framework [20]. Moreover, scanning electron 
microscopy (SEM) analysis was employed to investigate the morphological transfor-
mations induced by the synthesis process. The SEM images revealed that both samples 
exhibit a sphere-like morphology with an average size of ~50 nm, suggesting the incorpo-
ration of MXene does not significantly alter the overall morphology of the polymer frame-
work (Figures 2 and S5). To further examine the microstructure of the synthesized com-
posites, we conducted transmission electron microscopy (TEM) analysis. The TEM images 
revealed dense particulate morphology with relatively smooth structural features, while 
no distinct MXenes lattice fringes or layered nanosheet structures were clearly observed, 
which is attributed to the low MXenes quantities and their homogeneous dispersion 
within the POP matrix, which can limit the direct visualization of individual MXene do-
mains. However, the energy dispersive X-ray spectroscopy (EDS) analysis of POP-6MX 
clearly detected the presence of titanium (Ti), providing supportive evidence for the in-
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corporation of Ti3C2Br MXene within the composite framework. Additionally, the absence 
of any detectable aluminum (Al) peaks in the EDS spectra confirms the effective removal 
of the MAX phase precursor during the MXene synthesis process [23]. The complemen-
tary findings from SEM, TEM, and EDS collectively confirm the successful formation of 
porous POP/MXenes hybrid composites with uniformly dispersed MXene species 
throughout the polymer matrix. 

 

Figure 2. (a)TEM images 200 nm scale, (b) SEM images at a scale of 1 µm, of POP-6MX. 

The specific surface area of the synthesized composites was determined using the 
Brunauer–Emmett–Teller (BET) method, a widely employed technique that measures sur-
face area based on nitrogen adsorption–desorption isotherms at 77 K. The study was car-
ried out to evaluate the influence of MXene’s incorporation on the porosity and adsorption 
capacity of the synthesized composites. The results revealed that POP-1 exhibited the larg-
est surface area of 857 m2/g. However, as the proportion of MXene increased, the surface 
area decreased, as summarized in Table 1. This reduction suggests that the crystallized 
MXene domains partially occupy the intrinsic pores of the porous organic polymer, 
thereby diminishing the number of accessible adsorption sites. However, this interfacial 
contact increases the connection between POP-1 and MXene, which may enhance the 
charge transfer efficiency at the heterojunction interface, potentially benefiting photocata-
lytic performance. 

Table 1. BET analysis results. 

Catalyst BET Surface Area (m2/g) Langmuir Surface Area (m2/g) Pore Volume (cm3/g) 
POP-1 857 928 0.844 
POP-MX2 700 732 0.5 
POP-MX6 595 643 0.5 
POP-MX10 309 335 0.079 

Additionally, the synthesized materials demonstrated notable differences in pore 
volume and pore size, indicating that the integration of MXene within POP-1’s framework 
modifies the porosity of the resulting composites, which could influence the interaction of 
reactants with the material’s surface during photocatalytic processes. As represented in 
Figure 3b, POP-1 displays a type IV adsorption isotherm behavior with H4-type hysteresis 
loops which indicates the coexistence of mesoporous and microporous structures, con-
firming the presence of a porous range of 2–50 nm. The H4 hysteresis suggests the pres-
ence of slit-shaped pores typically formed due to the aggregation of the layered MXene 
sheets and porous polymer framework. Meanwhile, with the MXene incorporation, the 
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MXene/POP-1 composite exhibited a type IV isotherm [23], which is typical for mi-
croporous materials that are highly effective in applications like gas separation and stor-
age due to their large surface area and microporous volume also The incomplete closure 
of the hysteresis loop is attributed primarily to pore-blocking effects and restricted nitro-
gen desorption within narrow slit-shaped pores formed by the porous polymer network 
and layered MXene structure [24,25] (Figure 3). The N2 adsorption–desorption isotherms 
and NLDFT pore size distributions of POP-2MX and POP-10MX are represented in Figure 
S6. 

 

Figure 3. (a) N2 adsorption–desorption plot (inset) of POP-1, (b) N2 adsorption–desorption plot (in-
set) of POP-6MX, (c) NLDFT porosity pattern of POP-1, (d) NLDFT porosity pattern of POP-6MX. 

The UV-DRS spectra of POP-1 and POP-6MX are presented in Figure 4. POP-6MX 
exhibits significantly enhanced and broadened light absorption across the entire UV-visi-
ble range (250–800 nm) compared to POP-1, particularly in the visible region (420–800 
nm), which is attributed to the incorporation of Ti3C2Tx MXene, extending the light har-
vesting capability of the polymer framework. The optical band gaps calculated from the 
Tauc plots were 2.10 eV and 1.92 eV for POP-1 and POP-6MX, respectively, confirming 
that MXene incorporation narrows the band gap and improves visible light utilization. 
The LUMO levels from Mott–Schottky analysis were −0.30 V and −0.48 V vs. Ag/AgCl, 
corresponding to −0.103 V and −0.283 V vs. NHE for POP-1 and POP-6MX, respectively, 
and the HOMO levels were calculated to be +1.997 V and +1.637 V vs. NHE. The more 
negative LUMO of POP-6MX indicates stronger reducing power of photogenerated elec-
trons, enabling efficient reduction in dissolved oxygen to superoxide radicals (O2•−), while 
the sufficiently positive HOMO levels confirm hydroxyl radical (•OH) generation, which 
is responsible for superior photocatalytic dye degradation. 
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Figure 4. (a) UV-DRS spectra of POP-1 and POP-6MX, (b) Tauc plots for the estimation of optical 
band gaps of POP-1 and POP-6MX, (c) Mott–Schottky plots of POP-1, (d) POP-6MX measured at 
different frequencies of 500 Hz, 750 Hz, and 1000 Hz. 

2.1. Photocatalytic Efficiency 

The photocatalytic activity of the synthesized catalysts was evaluated under visible 
light irradiation, considering specific concentrations of both dye solution and catalyst. The 
effectiveness of the photocatalyst degradation depends on several key factors, including 
the initial dye concentration and the catalyst dosage. In the first experiment, 30 mL of 10 
ppm dye with 30 mg of catalyst was tested; the dye was totally adsorbed due to the higher 
catalyst dosage that provides more active sites, promoting the interaction with a large 
amount of dye molecules at once. 

To investigate the degradation of two different dyes with different ionic natures, one 
cationic (methylene blue, MB) and one anionic (methyl orange, MO), with different con-
centrations under identical experimental conditions in the presence of several photocata-
lysts. POP-1 and MXene-containing POP-1 composite with various MXene weight per-
centages (2%, 6%, 10%) were tested to find the optimal composition that enhances visible 
light-driven photocatalysis, where a 500 W Xe-lamp equipped with a 420 nm cutoff filter 
was used as a visible light source. 

Before initiating the photocatalytic degradation process, the catalyst-dye mixture 
was stirred in the dark for 120 min to achieve the adsorption–desorption equilibrium, en-
suring that any decrease in the dye concentration once put in the light is due to the pho-
tocatalytic degradation, not just adsorption. The experiment was carried out using a 30 
mL solution of 30 ppm MB and 25 ppm MO with the aforementioned photocatalysts. After 
adsorption, the solution was subjected to light irradiation for periods of time, then tested 
with a UV-Vis spectrometer to evaluate how much dye was degraded in order to evaluate 
the photocatalytic efficiency of each catalyst (Figures S7 and S8). The simultaneous disap-
pearance of absorption peaks in both the visible and UV regions confirms that the photo-
catalytic degradation proceeds beyond decolorization toward complete mineralization of 
MB and MO. To confirm that the observed degradation was indeed due to the photocata-
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lyst and not to photolysis, a control experiment was conducted in which the dye solution 
with no catalyst was exposed to visible light for 8 h straight, where no noticeable change 
in concentration took place. 

The results demonstrated that 99.25% of MB was degraded within 60 min by POP-1, 
while POP-2MX and POP-10MX achieved similar degradation efficiencies of 96.86% 
within 45 min. However, POP-6MX demonstrated the best performance among all cata-
lysts with a degradation efficiency of 96.81% within 10 min. Additionally, the catalyst also 
showed an effective degradation of MO, leading to a nearly complete disappearance of 
the dye with the following efficiencies—POP-1: 98.5% in 135 min, POP-2MX and POP-
10MX represented nearly similar results, respectively, 91.97% within 90 min, and POP-
6MX again demonstrated superior performance, achieving 98.14% degradation within 45 
min, representing nearly double the efficiency of POP-2MX and triple the efficiency of 
POP-1. When comparing the photocatalytic efficiencies of the photocatalysts, POP-6MX 
achieved the highest degradation efficiency across both tested dyes within a significantly 
shorter time. Conversely, the performance of the other photocatalysts required longer du-
rations to attain comparable levels of degradation. Notably, the degradation of MB was 
observed to be more efficient than that of MO, with a shorter reaction time for MB, alt-
hough the dye-to-catalyst concentration ratio for MB was 1.2 times higher than for MO. 
This difference in performance can be attributed to the dye-catalyst interactions, molecu-
lar structure and bonding characteristics of the dyes and the sensitivity toward the oxida-
tive attack by reactive oxygen species generated during photocatalysis. Since MO is an 
anionic azo dye, it demonstrates a strong resonance-stabilized π-conjugated structure 
containing the –N=N– chromophore. These features enhance its structural stability and 
resistance to oxidative cleavage compared to MB. Conversely, MB is more susceptible to 
O2− induced degradation under identical photocatalytic conditions. In addition, differ-
ences in dye–surface interactions between the cationic MB and anionic MO molecules may 
also influence the overall degradation efficiency, as MXene with its negatively charge sur-
face has a stronger attraction to cationic dyes. 

The enhanced photocatalytic performance of the POP-1/MXene composite can be at-
tributed to the extended π-conjugation of the porous organic framework, which broadens 
the visible light absorption range and facilitates efficient photoinduced charge separation 
through donor–acceptor interactions, consistent with recent reports on conjugation-engi-
neered COF photocatalysts where well-optimized conjugation and pore structures are 
considered critical for photocatalytic efficiency [26]. Moreover, this phenomenon may be 
attributed to enhanced interfacial charge transfer between POP-1 and MXene, which fa-
cilitates charge-carrier separation and reduces electron–hole recombination. 

The photocatalytic degradation of both dyes by the synthesized photocatalysts was 
quantitatively evaluated by pseudo-first-order kinetics analysis, providing more pro-
found insight into the catalytic deficiencies of various samples. The pseudo-first-order ap-
proximation assumes that the reaction rate depends primarily on the concentration of one 
reactant while the concentration of the other reactant remains relatively constant, follow-
ing the equation: CC0 = 𝑒(ି௞.௧) 

As mentioned before, the degradation of both dyes with all the synthesized catalysts 
aligns well initially with the pseudo-first-order kinetic model, indicating that the reaction 
is proceeding predictably under standard conditions. However, as the C/C0 concentration 
of the dyes becomes very low, the data starts to deviate from the original model (Figure 
5), which suggests that at later stages of the reaction, the concentration of the dye becomes 
very low compared to the available dissolved oxygen, leading the reaction kinetics to fol-
low another path of mechanism influenced by the availability of the active sites [27]. 
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Figure 5. Degradation rate plot of (a) MB, (b) MO. 

Among all the samples, POP-6MX displayed the highest photocatalytic activity to-
ward MB degradation with a calculated rate constant of k = 0.277 min−1, substantially 
higher than that of POP-1 (k = 0.082 min−1). The superior kinetics can be attributed to the 
synergistic effect arising from the synergistic interaction between MXene and POP-1, 
which enhances charge carrier separation, improves charge-carrier separation and re-
duces recombination loss. Photocatalytic degradation of MB and MO over all catalysts, 
with corresponding linear fits, R2 values, and rate constants (k) summarized in Table S1 
and fitting plots provided in Figures S9 and S10. Notably, the photocatalytic activity of 
MXene/POP-1 composite exceeded that of POP-1 under similar conditions, thereby high-
lighting the considerable potential of MXene/POP-1 heterostructures in the field of envi-
ronmental remediation and wastewater treatment. 

2.2. Reusability 

The reusability of photocatalysts is critical in evaluating their practical applicability 
for environmental remediation applications, particularly in the degradation of persistent 
organic pollutants such as synthetic dyes. In this context, we evaluated the reusability of 
the POP-6MX photocatalyst under optimized operational parameters, such that the opti-
mal reusability process did not involve washing; in contrast, the same photocatalyst was 
reused with the re-addition of the dye at the beginning of each cycle. As represented in 
Figure 6, the regenerated photocatalyst demonstrated consistent photocatalytic activity 
for the degradation of the dye across five cycles. However, after each cycle, a slight decline 
was noted in the performance of the material, which is attributed to the potential blockage 
of active sites by intermediate degradation byproducts. (Figure S11). XRD and FT-IR anal-
ysis of POP-6MX before and after 5 reusability cycles showed no noticeable changes, con-
firming the structural and chemical stability of the catalyst (Figure S11). 
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Figure 6. Reusability tests for POP-6MX in the degradation of methylene blue (MB) dye results. 

2.3. Multiple Dye Degradation 

To get further insight into dye degradation, a multiple dye degradation study was 
conducted using a binary dye mixture of methylene blue and methyl orange dyes. Even 
though the absolute removal rates were modest, the catalysts showed real promise for 
practical applications in wastewater treatment. To push this evaluation further, we tested 
the catalysts’ performance in a mixed dye system containing both anionic and cationic 
dyes, aiming to mimic more realistic conditions, mentioning that the starting concentra-
tions were 30 ppm for MB and 25 ppm for MO. As represented in Figure S8, it was clear 
that all the synthesized catalysts demonstrated better degradation with MB, the cationic 
dye. However, to gain more insight into their applicability to operate in more general and 
reflective real-world conditions, we compared how quickly each catalyst removed the 
dyes. POP-1 demonstrated nearly total degradation of the dye mixture within 30 min, 
reaching removal efficiencies of 87.8% for MO and 98.3% for MB (Figure 7a). POP-6MX, 
on the other hand, reached 85% degradation for MO and 76% for MB within 15 min of 
light generation. After 30 min under light, the catalyst achieved nearly the total degrada-
tion of both dyes, with 94% for MO and 96% for MB (Figure 7b). Importantly, POP-6MX 
demonstrated a unique capability of multiple dyes photodegradation, especially in com-
plex dye mixtures, which represents an issue rarely addressed by conventional photocata-
lysts, which typically show no multiple dyes activity. These findings underscore the ad-
vanced functionality of POP-6MX in photocatalytic applications, which makes it an attrac-
tive candidate for multi-component wastewater treatment. To benchmark the photocata-
lytic performance of POP-6MX, a comparison of k values and degradation efficiency with 
recently reported MXene-based and POP-based photocatalysts is presented in Table 2. 

Table 2. Comparison of photocatalytic dye degradation performance of POP-6MX with reported 
porous organic polymer/MXene-containing photocatalysts. 

Catalyst Dye Degradation (%) Time (min) K (min−1) Light Source Reference 
Porous Organic Polymers (POPs)—without MXene 
PDA@COP 
(Polydiacetylene) MB 98% 180 2.1 × 10−2 Visible (12 W LED) [28] 

PDA@COP 
(Polydiacetylene) MO 84% 180 1.0 × 10−2 Visible (12 W LED) [28] 

TFP-TPTPh COF 
(triazine) RhB 97% 60 4.1 × 10−2 UV-vis (300 W Xe lamp) [29] 
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Conjugated porous 
polymer (CPP) 

MB ~95% 120 N/A Visible light (λ > 420 nm) [30] 

MXene/Porous Framework Composite 
MXene@UiO-66 
(Zr-MOF) MB 78% 60 N/A UV-Vis (350 W Xe lamp) [31] 

MXene@UiO-66 
(Zr-MOF) DR31 56% 60 N/A UV-Vis (350 W Xe lamp) [31] 

Ti2C2/Zn-MOF MB 62% 120 N/A UV-Vis (300 W Xe lamp) [32] 
g-C3N4@MXene 
membrane MB + Antibiotic ≥90% 60 N/A Visible light (λ > 420 nm) [33] 

This Work-MXene-Containing Composite 

POP-6MX MB 96% 30 0.27718 Visible light (500 W Xe, λ > 
420 nm) 

This work 

POP-6MX MO 94% 30 6.375 × 10−2 Visible light (500 W Xe, λ > 
420 nm) 

This work 

 

Figure 7. UV-Vis absorption pattern for a time-dependent multiple degradation of MO and MB in a 
MO + MB binary solution by (a) POP-1, (b) POP-6MX. 

2.4. pH Effect 

Aqueous reaction conditions, including pH, ionic strength, and the presence of dis-
solved species, can significantly influence the stabilization of intermediate species gener-
ated during the photocatalytic process. The reaction environment, primarily the choice of 
acidic and basic environments, represents a crucial influence on the overall photocatalytic 
behavior by affecting the interfacial interactions between the photocatalyst surface and 
reactants, which in turn impacts both the activity and the selectivity of the photocatalytic 
reaction. To further explore the impact of reaction conditions, we investigated the pH ef-
fect on the performance of the POP-6MX composite. The study involves preparing an 
acidic dye solution and a basic dye solution using HCl and NaOH until reaching the de-
sired pH of 2.0 and 11.0. The degradation efficiency of MB was measured under these 
conditions to understand how the pH of the reaction medium affects the photocatalytic 
process. 

The experiment results demonstrated that POP-6MX achieves a higher photocatalytic 
efficiency in an alkaline environment compared to an acidic environment. At pH = 11, the 
degradation of MB was very efficient, with 97.6% of the dye decolorized in 15 min. Mean-
while, at pH = 2, the effectiveness dropped sharply with a degradation efficiency of only 
48.32% within 15 min, and after 30 min, the catalyst reached 96.7% of dye degradation. In 
basic media, the photocatalyst surface is more negatively charged, which enhances the 
electrostatic attraction toward the cationic methylene blue molecules. While these condi-
tions can also facilitate the formation of reactive species, our experimental results, as dis-
cussed in Figure 8, a mechanistic explanation, suggest that the enhanced performance at 
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pH = 11 mainly stems from the synergy between the surface charge and the dye molecules, 
as the hydroxyl radicals (•OH) are only a minor contributing factor to the overall degra-
dation. 

 

Figure 8. A comparative study of the degradation efficiency of MB in acidic and alkaline media 
catalyzed by POP-6MX. (a) pH = 11, (b) pH = 2. 

Interestingly, in a neutral environment, POP-6MX demonstrated an even faster deg-
radation of MB, reaching a similar degradation efficiency in only 10 min, which indicates 
the optimal environment for the photocatalytic activity of POP-6MX is a neutral environ-
ment. Potential explanations are the lower stability of superoxide radicals at high pH or 
too strongam attraction between the negative surface and the cationic MB dye [34]. 

3. Mechanistic Explanation 
In the photocatalytic process, when the photocatalysts are exposed to sufficient en-

ergy from light, electron-hole (e−/h+) pairs are generated. These charge carriers interact 
with surrounding oxygen molecules to form reactive superoxide radicals O2−, which then 
attack a wide range of organic molecules non-selectively, by oxidizing all types of organic 
matter rather than specific bonds or functional groups. To understand the role of O2− in 
the photocatalytic degradation of MB using POP-6MX, we conducted a series of experi-
ments with selective scavengers to identify the key reactive oxygen species and pathways 
involved under light irradiation. To assess the role of molecular oxygen O2 within the 
reaction process, the dye degradation was conducted in an inert argon atmosphere. The 
inert environment blocks the accessibility of O2, which leads to a significant decrease in 
dye degradation, demonstrating that O2 plays a crucial role during the process, support-
ing the hypothesis that O2 acts as an electron acceptor, participating in the generation of 
O2− via reduction pathways. 

To determine O2− superoxide radicals’ involvement in the degradation, benzoqui-
none was introduced to the catalyst dye solution. The experiment resulted in a significant 
decrease in the photocatalytic activity, confirming that O2− has a major contribution to the 
degradation process. In contrast, the addition of isopropanol to scavenge hydroxyl radi-
cals (•OH) and sodium azide (NaN3) to scavenge singlet oxygen (1O2) resulted in negligi-
ble changes to the degradation rate, implying that neither •OH nor 1O2 radicals are key 
factors in the dye degradation process. 

Finally, potassium iodide (KI) was introduced to scavenge the photogenerated holes 
h+. The presence of KI did not hinder the degradation performance, which indicates that 
the hole species are not directly responsible for dye oxidation. The overall experiment 
suggests that the main active species in the system are superoxide radicals •O2−, with hy-
droxyl radicals contributing secondarily to the degradation; meanwhile, holes and singlet 
oxygen contribute minimally to the degradation mechanism. Therefore, the photocatalytic 
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degradation mechanism likely follows a ROS-dominant pathway, primarily driven by 
•O2− species (Figure 9). 

The incorporation of MXene as a conductive substrate facilitates the formation of an 
interfacial charge transfer pathway at the POP-1/MXene interface. This barrier promotes 
efficient charge separation by allowing photoexcited electrons to transfer rapidly to the 
MXene surface while hindering their recombination with holes (h+) by acting as an elec-
tron sink, increasing the lifetime of charge carriers, and promoting the generation of ROS. 

 

Figure 9. (a) Role of different scavengers on the degradation efficiency of MB catalyzed by POP6MX 
after 60 min of reaction. (b) Proposed charge transfer mechanism of the POP−MX composite under 
visible light exposure. 

POP-6MX exhibits the smallest semicircle diameter in the Nyquist plot, indicating 
the lowest charge transfer resistance (Rct) among all samples, confirming the most effi-
cient interfacial charge transfer. Furthermore, POP-6MX shows the highest photocurrent 
density under visible light irradiation, demonstrating superior charge separation effi-
ciency. These results are fully consistent with the highest photocatalytic degradation per-
formance for both MB and MO (Figure 10). 

 

Figure 10. (a) Photocurrent response (light on/off cycles); (b) Nyquist Plot of POP−1, POP−2MX, 
POP−6MX and POP−10MX under visible light irradiation (on/off). 

Once spatially separated, charge carriers initiate redox reactions that lead to the for-
mation of ROS. The excited electrons transferred to the MXenes surface reduced dissolved 
molecular oxygen to form superoxide radicals (•O2−) following reaction (1’) [35]: 

O2 + e− → •O2−  (1’)

While the photogenerated holes could potentially generate hydroxyl radicals, the 
scavenger experiment strongly suggests that the holes play a minor role in the photodeg-
radation. Hence, the holes likely generate oxygen, which can indirectly be used as a mo-
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lecular oxygen source for the formation of superoxide radicals, ensuring a rapid and effi-
cient photocatalytic degradation. 

4. Materials and Methods 
Incorporating MXene within the semiconductor’s framework to generate MXene-

containing composites helps boost the overall photocatalytic activity [36]. This enhance-
ment is attributed to the divergence of Fermi energy levels of the two materials, which 
facilitates the formation of a robust internal electric field in the interplanar regions. This 
electric field drives electron transfer, leading to the bending of the semiconductor’s con-
duction band (CB) and the creation of an interface barrier that acts as a one-way electron 
gate between the two materials, ensuring that the electrons remain delocalized on the 
MXene’s surface, known as the Schottky barrier [37–40]. The Mott–Schottky barrier pro-
motes exciton dissociation and charge carrier separation, thereby limiting the elec-
trons/holes (e−/h+) recombination, which addresses a key issue that hinders the efficiency 
of photocatalysis. Recently, research about combining MXene with other substances such 
as Ti3C2-TiO2, N-doped TiO2@C, In2S3/TiO2@Ti3C2Tx, and so on has been explored, result-
ing in a significant photocatalytic performance within the environmental remediation af-
ter MXene incorporation [31]. In this study, a novel approach is presented to enhance the 
photocatalytic activity of POPs by generating an MXene/POP-1 composite in a sandwich 
interlayer system, following a Sonogashira–Hagihara cross-coupling. The synthetic pro-
cess also employs a high dilution technique, which involves lowering the concentration 
of the monomers to promote intramolecular cyclisation and reduce the likelihood of form-
ing a dense network of intermolecular side reactions. This technique facilitates the crea-
tion of more stable and porous polymers by slowing the reaction rate, allowing sufficient 
time for the structure to organize into stable, low-density polymers with varied porosity 
distributions. As a result, the ultra-microporous content was reduced while the mesopo-
rous content increased, leading to a surface area characterized by enhanced mesoporosity. 
This improvement in mesoporosity facilitates mass diffusion during catalysis, promoting 
the free movement of reactants and thereby enhancing the photocatalytic activity of the 
porous organic polymers (POPs). 

4.1. Synthesis Method 

MXene 

• Br surface termination 

The synthesis of MXene was conducted utilizing a molten salt method where the Ti-
tanium aluminum carbide Ti3AlC2 (Adamas Reagent Co., Ltd., Shanghai, China) powder 
was selectively etched to remove Al atoms and result in MXene sheets. In particular, 3 mol 
of Ti3AlC2 and 2.01 mol of CuBr (Adamas Reagent Co., Ltd., Shanghai, China) were care-
fully ground within a glove box under nitrogen protection to prevent oxidation. The re-
sultant mixture was transferred to an alumina crucible and subjected to thermal treatment 
in a tubular furnace at 700 °C for a duration of 7 h under an argon flow. Following the 
conclusion of the heat treatment, the product underwent thorough washing with deion-
ized water and a solution of NH4Cl/NH4OH (Aladdin Biochemical Technology Co., Ltd., 
Shanghai, China) to eliminate any remaining CuCl2 and CuBr2 byproducts. The final prod-
uct was subsequently dried under vacuum at a temperature of 40 °C prior to its utilization 
for further applications [41]. 

• POP-1: 

In a round-bottom, two-necked flask, the monomers 1,4-diethynylbenzene (1.5 mol) 
(Aladdin Biochemical Technology Co., Ltd., Shanghai, China) and 1,3,5-bromobenzene (1 
mol) (Aladdin Biochemical Technology Co., Ltd., Shanghai, China) were added, accom-
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panied by 0.05 mol of tetrakis(triphenylphosphine)palladium (Aladdin Biochemical Tech-
nology Co., Ltd., Shanghai, China) and 0.08 M of cuprous iodide(Aladdin Biochemical 
Technology Co., Ltd., Shanghai, China) serving as catalysts. The reaction components 
were solubilized in a 3:1 mixture of N, N-Dimethylformamide (DMF) (Sinopharm Chem-
ical Reagent Co., Ltd., Shanghai, China) and triethylamine (TEA) (Sinopharm Chemical 
Reagent Co., Ltd., Shanghai, China), and the reaction was conducted under an inert at-
mosphere at a temperature of 80 °C for a duration of 72 h, in accordance with the So-
nogashira–Hagihara reaction protocol. Upon completion, the resultant polymer (POP-1) 
underwent a comprehensive washing process utilizing water and acetone, followed by 
treatment in a Soxhlet extractor with methanol and acetone for a duration of 24 h, and was 
subsequently dried under vacuum conditions [42]. 

• POP-1/MXene composite 

For the synthesis of MXene-containing composites, Ti3C2Tx MXene was added as a 
weight percentage of the total monomer mass (504.0 mg). Specifically, 10.08 mg (2 wt%), 
30.4 mg (6 wt%), and 50.4 mg (10 wt%) of MXene were dispersed in the reaction solvent 
by spin mixing prior to the addition of 1,3,5-tribromobenzene (314.8 mg, 1 mmol) and 1,4-
diethynylbenzene (189.2 mg, 1.5 mmol). Each sample was synthesized under identical 
conditions to POP-1, with the concentration of the MXene serving as the sole variable. 
This method enables a comparative analysis to determine the most favorable concentra-
tion for the photocatalyst, with the objective of determining the impact of the MXene con-
centration on the reaction’s overall efficiency and performance. 

4.2. Structural Characterization 

The XRD spectra were recorded using a Bruker-D8 ADVANCE ((Bruker AXS GmbH, 
Karlsruhe, Germany) with a scanning rate of 10°/min. The chemical bonds of polymers 
were studied using X-ray Photoelectron spectroscopyESCALAB 250Xi (VG Scientific, 
Thermo Fisher Scientific, Waltham, MA, USA) . All binding energies were calibrated and 
corrected by setting the C1s peak to a binding energy of 284.80 eV, tested on a VG Scientific 
ESCALAB 250 Xi electron spectrometer with two ultrahigh vacuum chambers and a Kra-
tos Axis-ULTRA. The adsorption and band gap of both materials were determined using 
UV-Vis DRS (JASCO V-700 Series, JASCO Corporation, Tokyo, Japan)with BaSO4 as a ref-
erence in the 250–800 nm wavelength range. Solid-state NMR spectra were acquired using 
a Bruker AVANCE III HD (400 MHz) (Bruker BioSpin GmbH, Rheinstetten, Germany). 
The surface morphology of the MXene-containing composite was investigated using a 
Zeiss Ultra Plus FE-SEM (Carl Zeiss Microscopy GmbH, Oberkochen, Germany). The in-
ternal microstructure and elemental distribution of the composites were further examined 
using a JEM-F200 FE-TEM equipped with EDS (JEOL Ltd., Tokyo, Japan).. The specific 
surface area and pore size distribution of composites were determined by nitrogen ad-
sorption–desorption measurements using a Micromeritics ASAP 2020 (Micromeritics In-
strument Corporation, Norcross, GA, USA) based on the Brunauer–Emmett–Teller (BET) 
method. 

4.3. Photocatalytic Dye Degradation 

Photocatalytic degradation experiments were performed in a long cuvette reactor 
(height: 5.6 cm, width: 2.7 cm, volume: ~30 mL) under visible light irradiation using a 500 
W Xenon lamp equipped with a 420 nm cutoff filter (λ > 420 nm) at a light intensity of 300 
mW/cm2 as the visible light source. In each experiment, 30 mg of catalyst was dispersed 
in 30 mL of dye solution with continuous magnetic stirring at 40 rpm. The photocatalytic 
activity of the synthesized catalysts was evaluated under visible light irradiation, consid-
ering specific concentrations of both dye solution and catalyst. The effectiveness of the 
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photocatalyst degradation depends on several key factors, including the initial dye con-
centration and the catalyst dosage. In the first experiment, 30 mL of 10 ppm dye with 30 
mg of catalyst was tested; the dye was totally adsorbed due to the higher catalyst dosage 
that provides more active sites, promoting the interaction with a large amount of dye mol-
ecules at once. 

To investigate the degradation of two different dyes with different ionic natures, one 
cationic (methylene blue MB) and one anionic (methyl orange MO), with different con-
centrations under identical experimental conditions in the presence of several photocata-
lysts. POP-1 and MXene-containing POP-1 composite with various MXene weight per-
centages (2%, 6%, 10%) were tested to find the optimal composition that enhances visible 
light-driven photocatalysis. 

Before initiating the photocatalytic degradation process, the catalyst-dye mixture 
was stirred in the dark for 120 min to achieve the adsorption–desorption equilibrium, en-
suring that any decrease in the dye concentration once put in the light is due to the pho-
tocatalytic degradation, not just adsorption. The experiment was carried out using a 30 
mL solution of 30 ppm MB and 25 ppm MO with the aforementioned photocatalysts. After 
the adsorption, the solution was subjected to light irradiation for periods of time, then 
tested with a UV-1800 UV Spectrophotometer (Shimadzu Corporation, Kyoto, Japan) to 
evaluate how much dye was degraded in order to evaluate the photocatalytic efficiency 
of each catalyst (Figures S7 and S8) To confirm that the observed degradation was indeed 
due to the photocatalyst and not to photolysis, a control experiment was conducted in 
which the dye solution with no catalyst was exposed to visible light for 8 h straight, where 
no noticeable change in concentration took place (Figure S12). 

4.4. Materials 

All chemicals were purchased from commercially available sources and were used 
without further purification. The materials were synthesized according to the previous 
reports with slight modifications. 

5. Conclusions 
In this research, we aimed to develop an advanced design strategy to generate a 

Mott–Schottky junction by doping MXene into the POP-1 framework in order to enhance 
the efficiency of the photocatalyst. The synthesized catalyst was specifically designed to 
degrade organic dyes in aquatic environments by using visible light to trigger chemical 
reactions that attack the dyes present in contaminated water. In order to generate the most 
effective photocatalyst, we synthesized three composite materials with different MXene 
contents (2%, 6%, and 10%) via the Sonogashira coupling reaction. The resulting materials 
were subjected to a suite of standard characterization techniques, which confirmed the 
successful synthesis and structural integrity of the composites. Among the synthesized 
catalysts, POP-6MX exhibited the highest degradation efficiency for both dyes, indicating 
that 6% MXene is the optimal loading for enhancing photocatalytic activity. POP-6MX 
maintained its performance over five consecutive cycles, suggesting excellent chemical 
and structural stability, which is essential for practical wastewater treatment. To promote 
its application in real-world scenarios, we conducted a mixed dye degradation experiment 
using a solution containing both MO and MB. POP-6MX was able to degrade nearly 95% 
of both dyes within 30 min. Further evaluation revealed that the photocatalyst’s activity 
is influenced by environmental pH, with enhanced performance under basic conditions 
compared to acidic ones. However, its peak activity occurred under neutral pH condi-
tions. To gain insight into the degradation mechanism, we performed additional experi-
ments which confirmed that the main reactive oxygen species (ROS) involved in the deg-
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radation process are superoxide radicals and hydroxyl radicals, while holes and singlet 
oxygen played minimal roles. 

However, challenges such as stability, reusability, and scalability need to be further 
addressed to facilitate large-scale implementations. Future research has to focus on im-
proving photocatalytic design, exploring novel materials, and integrating photocatalysis 
with other treatment technologies for enhanced efficiency, such as immobilizing it to other 
materials like TiO2, which would allow for heterogeneous catalysis that can be easily re-
moved and reused, making it more practical for real-world wastewater treatment. 

Supplementary Materials: The following supporting information can be downloaded at: 
https://www.mdpi.com/article/10.3390/inorganics14070176/s1, Figure S1: XPS survey pattern of 
POP-1 and POP-MX-6 showing carbon as the only element present in the network. A tiny amount 
of surface adsorbed oxygen is present as well; Figure S2: Deconvoluted C1s peak of POP-MX6; Fig-
ure S3: Solid state 13C NMR spectrum of POP-10MX; Figure S4 XRD pattern of POP-1, POP-2MX, 
POP-6MX and POP-10MX; Figure S5: (a) TEM images 200nm scale, (b) SEM images at scale of 01µm, 
of POP-1; Figure S6: (a) N2 adsorption-desorption plot (inset) of POP-2MX (b) N2 adsorption-de-
sorption plot (inset) of POP-10MX. (c) NLDFT porosity pattern of POP-2MX, (d) NLDFT porosity 
pattern of POP-10MX; Figure S7: Degradation plots of MB (a) POP-1, (b) POP-6MX, (c) POP-2MX, 
(d) POP-MX10; Figure S8: Degradation plots of MO (a) POP-1, (b) POP-6MX, (c) POP-2MX, (d) POP-
MX10; Figure S9: Kinetic fitting plots for degradation of MB (a) POP-1, (b) POP-2MX, (c) POP-6MX, 
(d) POP-MX10; Figure S10: Kinetic fitting plots for degradation of MO (a) POP-1, (b) POP-2MX, (c) 
POP-6MX, (d) POP-MX10; Figure S11: (a) FTIR Spectra (b) XRD patterns of POP-6MX before and 
after 5 reusability cycles; Figure S12. Photolysis control experiment of (a,b) MO (25 ppm) and (c,d) 
MB (30 ppm) under visible light irradiation without a catalyst at t = 0 h and t = 8 h; Table S1: Linear 
regression equations, R² values, and rate constants (k) for the degradation of MB and MO over all 
catalysts.  
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