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MIL-101(Fe), despite its high surface area and adsorption capacity, suffers from rapid electron-hole
recombination that limits photocatalytic efficiency. To overcome this challenge, we engineered a C,N, quantum
dots (QDs) /MIL-101(Fe) composite via a facile loading method. Comprehensive characterization by X-ray
diffraction (XRD), transmission electron microscopy (TEM), X-ray photoelectron spectroscopy (XPS), Brunauer-
Emmett-Teller (BET) verified the effective incorporation of C,N, QDs, which significantly suppressed charge

carrier recombination and enhanced visible-light harvesting. The optimized composite demonstrated superior
photocatalytic performance, achieving near-complete degradation of 100 mg/L Congo red within 20 mins under
visible light, far exceeding the activity of pristine MIL-101(Fe). This study provides a rational design strategy to
improve charge separation in metal-organic framework-based photocatalysts for organic pollutant remediation.

1. Introduction

Growing industrialization has led to the wide discharge of many
organic pollutants into the environment, posing a serious threat to
human health and ecosystems. These pollutants are bioaccumulative
and can spread through the food chain, causing a variety of health
problems [1-3]. Moreover, they do not easily degrade under natural
conditions, and their long-term presence in the environment can disrupt
the ecological balance of various ecosystems [4,5]. Existing chemical
and physical methods used for the treatment of organic pollutants
often have problems, such as high costs, low efficiency, and the easy
generation of secondary pollutants [6-8]. In comparison, photocatalytic
degradation technology is highly efficient and offers good environmental
protection characteristics. Photocatalytic degradation methods involve
the photogeneration of holes and electrons by a photocatalyst under
light conditions. Consequently, redox reactions occur with organic
pollutants, leading to the decomposition of the pollutants into harmless
small molecules [9-11]. In this process, the selection of the photocatalyst
and the optimization of reaction conditions are key factors for achieving
good performance [12-15].

In recent years, many important achievements and breakthroughs
have been made in the field of photocatalytic degradation, providing
strong support for practical applications. [16-18] Increasingly,
photocatalytic research is focused on improving the activity, stability,
and selectivity of photocatalysts as well as exploring more efficient
reaction systems and conditions [19-21]. Metal-organic frameworks
(MOFs) are particularly compelling photocatalytic materials. These

crystalline materials contain highly uniform pore structures formed
by interconnecting metal ions and organic ligands. Because they have
controllable structures, large surface areas, and high porosities, MOF
materials have been widely used for the treatment of organic pollutants
in recent years [22-24]. However, MOF materials exhibit drawbacks
such as poor material stability and low photogenerated electron
separation and transfer efficiency that have limited their practical
application [25,26]. Therefore, modifying MOF materials to obtain
better performance is of great significance.

Quantum dots (QDs) are a category of nanoparticles that have
strong quantum confinement and boundary effects, as well as superior
optical properties. Thus, QDs show great promise for photocatalytic
applications [27-29]. C,N, QDs are non-metallic semiconductors that
can be used as visible-light-induced photocatalysts. These QDs have
an abundance of surface functional groups, good dispersion, high
chemical stability, a 2.7 eV band gap, and large specific surface areas
[30-32]. Moreover, they are capable of strongly absorbing visible
light at wavelengths up to 450 nm. The unique triazine ring or tri-S-
triazine ring structure of C,N, QDs provides good thermal stability as
well as good acid and alkali resistance. Thus, the use of C,N, QDs for
CO, reduction, pollutant degradation, and other applications has been
widely investigated [33-35].

MIL-101(Fe) exhibits advantageous structural properties, high
surface area, and strong adsorption capacity, making it a promising
photocatalyst [36]. However, its practical application is limited by
rapid electron-hole recombination and low charge utilization efficiency
[37-39]. To address these limitations, we propose a rational interface
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engineering strategy integrating C,N, QDs, known for their exceptional
light-harvesting and charge-transfer capabilities, onto MIL-101(Fe) to
construct a heterojunction system [40]. The primary aim of this work
is to elucidate the synergistic mechanism between C,N, QDs and MIL-
101(Fe) and to establish a structure-activity relationship for enhanced
photocatalytic degradation of organic pollutants. Herein, we report a
facile hydrothermal synthesis of C,N, QDs/MIL-101(Fe) composites.
The optimized composite achieves a 99.5% degradation efficiency for
Congo red within 20 mins under simulated solar light, attributed to
significantly suppressed charge recombination and improved electron
utilization kinetics. This study provides fundamental insights into MOF-
based heterostructure design for environmental remediation.

2. Materials and Methods

2.1. Materials and characterization

N, N-dimethylformamide (DMF, C,H NO, 99.5%) was provided
by Tianjin Fuchen Chemical Reagent Factory. Iron (III) chloride
hexahydrate (FeCl,-6(H,0), 99%), urea (CH,N,O, 99%), 2-amino-
terephthalate (C;H,NO,, 98%), and trisodium citrate (C,;H,Na,O,, 99%)
were acquired from Shanghai Macklin Biochemical Co., Ltd. Anhydrous
ethanol (CH,COOH, 99.5%) and anhydrous disodium sulfate (Na,SO,,
99%) were acquired from Sinopharm Chemical Reagent Co., Ltd. Water
was deionized for all experiments, and all chemicals were of analytical
purity.

X-ray diffraction (XRD) was performed with a MiniFlex600
to evaluate crystal structures. Morphologies were studied using
transmission electron microscopy (TEM) (JEOL JEM-2100PLUS, Nippon
Electronics Co., LTD.) and scanning electron microscopy (SEM) (JEOL
JSM-7900F, Nippon Electronics Co., LTD.). Textural characteristics
were studied using an SSA-4300 (Beijing Biode Electronic Technology
Co., Ltd.) to perform nitrogen adsorption-desorption analysis. UV-
visible diffuse reflectance spectroscopy (UV-vis DRS) was performed
with aUV-2450 (Shimadzu Co., Ltd.) to evaluate molecular structures.
A CHI760E electrochemical workstation manufactured by Shanghai
Chenhua Instrument Co., Ltd. was employed for catalyst testing.
Photocatalytic oxygen evolution activity in water was studied using an
MC-PF300B (Beijing Morison Technology Co., Ltd.).

2.2. Catalyst synthesis
2.2.1. Synthesis of MIL-101(Fe)

MIL-101(Fe) was synthesized according to previous work [36]. DMF
(15 mL) was used to dissolve NH,-H,BDC (90.6 mg, 0.5 mmol) and
FeCl,-6H,0 (135.1mg, 0.5 mmol) under magnetic stirring for 10 mins.
Then, synthesis was performed in a sealed stainless-steel reactor (20 mL
volume) at 110 °C for 20 hours. Next, the reaction mixture was allowed
to cool to ambient temperature, and the obtained solid brown particles
underwent centrifugation and were washed with DMF and ethanol.
After washing, the obtained MIL-101(Fe) was dried in an oven at 60°C
for 12 hours and then vacuum-dried at 120°C for 8 hours.

2.2.2. Synthesis of C,N, QDs

A C,N, QDs solution was synthesized according to previous work
[41]. First, trisodium citrate (0.81 g) and urea (1.01 g) were mixed
and ground using a mortar and pestle. This mixture was added to
a crucible, which was covered and heated at 180 °C for 1 hour in a
muffle furnace. Methanol was used to wash the obtained dark brown
QD powder 3-4 times to remove any remaining impurities, followed by
drying in an oven. Next, water (10 mL) was used to disperse the dry
C,N, QD powder (100 mg), and dialysis was performed with a 10,000
k Da dialysis membrane. The solution after dialysis was collected and
stored for subsequent use.

2.2.3. Preparation of C,N, , QDs/MIL-101(Fe)

A series of C,N, QDs/MIL-101(Fe) was prepared using a modified
version of the steps employed to obtain MIL-101(Fe). To load the C,N,
QDs on the MOF, 1 mL, 5 mL, or 10 mL of C,N, QD solution was combined
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Figure 1. Catalyst preparation flow chart.

with the FeCl,-6H,0 and NH,-H,BDC precursor solution. Thus, a series
of composites with different C,N, QD loadings were prepared, and these
composites were denoted as C,N, QDs/MIL-101(Fe)-1, C,N, QDs/MIL-
101(Fe)-5, and C,N, QDs/MIL-101(Fe)-10. Figure 1 shows the material
preparation process.

3. Results and Discussion

3.1. SEM and TEM examination

The MIL-101(Fe), C,N, QDs/MIL-101(Fe)-1, C,N, QDs/MIL-
101(Fe)-5, and C,N, QDs/MIL-101(Fe)-10 sample morphologies were
studied using SEM and TEM. Figure 2(a) shows an SEM micrograph
of MIL-101(Fe). This sample had a typical octahedral shape, smooth
surface, clear edges, a uniform structure, and a uniform particle size.
In comparison, as shown in Figures 2(b-d) the C,N, QDs/MIL-101(Fe)
composite samples had a dodecahedral spinner morphology and
rougher surfaces. The addition of excessive QD solution during sample
preparation led to agglomeration on the composite surface (Figure
2d), demonstrating that the addition of QDs changed the morphology
of MIL-101(Fe) to some extent. The TEM image displayed in Figure
2(e) shows the uniform surface loading of C,N,QDs on the MOF. At a
higher resolution (Figure 2f), a C,N, QDs lattice spacing of 0.34 nm was
observed, in agreement with other literature reports [41]. These results
confirm the successful preparation of C,N, QDs/MIL-101(Fe).

3.2. XRD analysis

XRD was used to further study the prepared catalysts, as displayed
in Figure 3. C,N, QDs/MIL-101(Fe) and MIL-101(Fe) showed XRD
peaks at 20 = 8.4°, 9.0°, 16.4°, and 18.9°, matching the simulated MIL-
101(Fe) XRD pattern and those reported in the literature [42]. No
other diffraction peaks were observed, indicating that this composite
photocatalytic material was highly pure and did not contain any
impurities.

3.3. X-ray photoelectron spectroscopy (XPS) analysis

X-ray photoelectron spectroscopy (XPS) was employed to study the
elemental states and chemical composition of C,N, QDs/MIL-101(Fe)-5
(Figure 4). As shown in Figure S1, this composite catalyst contained C,
N, O, and Fe. Characteristic C 1s peaks were observed at 284.8 eV (C-C
bonds), 286.3 eV (C-O bonds), and 288.7 eV (C=0O bonds), as shown
in Figure 4(a). Characteristic O 1s peaks were observed at 530.4 eV
(Fe-O bonds), 532.0 eV (C-O bonds), and 533.6 eV (C=0O bonds), as
shown in Figure 4(b). Characteristic N 1s peaks were observed at C
399.5 eV (C-N=C), 400.5 eV (C-N,), and 402.3 eV (C-NH,), as displayed
in Figure 4(c). Characteristic Fe2p, , and Fe2p, , peaks were observed
near 711.8 eV and 725.2 eV, and satellite peaks of ferric ions were
located at 718.3 eV and 731.2 eV, as shown in Figure 4(d). Together
with the XRD analysis, this confirmed the successful synthesis of the
C,N, QDs/MIL-101(Fe) composites.

3.4. Nitrogen adsorption-desorption analysis

The N, adsorption-desorption isotherm of each prepared sample
has been displayed in Figure 5(a), and the related textural properties
have been listed in Table 1. The Brunaeur-Emmett-Teller (BET) specific
surface areas of MIL-101(Fe), C,N, QDs/MIL-101(Fe)-1, C,N, QDs/MIL-
101(Fe)-5, and C,N, QDs/MIL-101(Fe)-10 were 60.5 m*/g, 69.5 m%/g,
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Figure 2. SEM micrographs of (a) MIL-101(Fe), (b) C,N, QDs/MIL-101(Fe)-1, (c) C,N, QDs/MIL-101(Fe)-5, and (d) C,N, QDs/MIL-
101(Fe)-10; (e) TEM and (f) high-resolution TEM micrographs of C,N, QDs/MIL-101(Fe)-5. In (e), the red circle highlights a specific area
of interest. In (f), the red dotted lines and red arrows indicate the lattice fringes, and the red circle marks a particular region, with the inset
showing an enlarged view of the lattice structure where the interplanar spacing d=0.34 nm is measured.
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Figure 5. (a) Nitrogen adsorption-desorption and (b) pore size distributions of the
prepared catalyst samples.
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Figure 4. (a) C 1s, (b) O 1s, (c) N 1s, and (d) Fe 2p XPS spectra of C,N, QDs/MIL-
101(Fe)-5.

89.8 m%*/g, and 64.4 m?/g, respectively. Therefore, an appropriate
loading of C,N, QDs increased the specific surface area, while excessive
loading led to the accumulation and agglomeration of C,N, QDs and a
subsequent decline in specific surface area. This decline in surface area
was not expected to be conducive to the photocatalytic reaction. The
pore size distribution of each sample catalyst was concentrated around
12 nm (Figure 5b).

3.5. Light absorption performance

The optical absorption of each prepared catalyst was evaluated
using UV-vis DRS, as shown in Figure 6(a). The intersections of the
tangent lines with the X-axis represent the light absorption band edge of
each sample. MIL-101(Fe) had an absorption band edge of about 535.6
nm. In contrast, the composite catalysts had wider light absorption
ranges, indicating that QD loading led to the more effective utilization
of visible light. Formula S1 was used to calculate the band gaps of
the catalysts, as shown in Figure 6(b). MIL-101(Fe), C,N, QDs/MIL-
101(Fe)-5, and C,N, QDs/MIL-101(Fe)-10 had band gaps of 2.64 eV,
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2.39 eV, and 1.95 eV, respectively. Thus, loading QDs reduced the
band gap, indicating that less energy was required for electron transfer
and that more electrons were excited. This showed good promise for
achieving improved photocatalytic activity.

3.6. PL spectral analysis

Photoluminescence spectroscopy (PLS) was used to analyze the
luminous intensities of the prepared catalyst samples and explore
their photocatalytic activity, as shown in Figure 7. MIL-101(Fe), C,N,
QDs/MIL-101(Fe)-1, C,N, QDs/MIL-101(Fe)-5, and C,N, QDs/MIL-
101(Fe)-10 all showed strong fluorescence signal peaks at about 442 nm
and 475 nm. The fluorescence in tensities of the composites was lower
than that of MIL-101(Fe), and C,N, QDs/MIL-101(Fe)-5 exhibited the
lowest fluorescence intensity. In general, weaker fluorescence properties
indicate a stronger ability to separate electron-hole pairs [43]. This is
conducive to inhibiting the recombination of photogenerated electron-
hole pairs and enhancing the transfer of photogenerated charges,
leading to better photocatalytic performance.

3.7. Photoelectric properties

The transient photocurrent response of each catalyst was determined
to test the transfer and generation of photoexcited charge carriers,
as shown in Figure 8(a). A stronger photocurrent intensity indicates
a better electron-hole separation effect. C,N, QDs/MIL-101(Fe)-5
showed a stronger photocurrent response than the other three catalysts,
indicating improved charge transfer efficiency, inhibited hole-
electron pair recombination, and enhanced photocatalytic activity. An
impedance diagram of the four catalysts is presented in Figure 8(b). A
smaller arc radius demonstrates lower resistance and improved charge
transfer efficiency. The composite catalysts had smaller arc radii than
MIL-101(Fe). C,N, QDs/MIL-101(Fe)-5 showed the smallest radius,
demonstrating the lowest charge transfer resistance and the most rapid
electron transfer process. Mott-Schottky (M-S) curves of MIL-101(Fe)
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Figure 7. PL spectra of different samples.

800

Arabian Journal of Chemistry Article in Press

(b)  |— miL-101(Fe)

3— N, ODyMIL-101(Fo)-1
— C,;N,; QDs/MIL-101{Fe)-5
—— C,N, QDS/MIL-101(Fe)-10

239 ¢V
195 eV N

0 \-

(a) UV-vis DRS and (b) band gap diagram of the prepared catalysts.

(b) 8
—— MIL-101(F¢) v
—— C;N, QDs/MIL-101(Fe)-1 v

—— C;N, QDs/MIL-101(Fe)-5
—— C;N, QDs/MIL-101(Fe)-10

)

@) 03

Fed
S
-Z" (kohm)
& o
o q

<
»
"

e
.

= MIL-101(Fe)

2 &
1.“ * C;N, QDs/MIL-101(Fe)-1
4 C;N, QDs/MIL-101(Fe)-5
v C;N, QDs/MIL-101(Fe)-10
0

50 100 150 200 0 2 , 4 6
Time (S) Z' (kohm)

Photocurrent density (LA cm’

e
>

—_
o
~
_~
=
=

s

ES

— C,N,QDs —=— MIL-101(Fe)

P

CYF*10°
[
CHF*10°

-0.72 eV

1.0 0.5 0.0 05 0.0 0.5 1.0
Potential

Potential
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and C,N, QDs were obtained to determine their conduction and valence
bands. According to the value of the intersection between the tangent
line of the M-S curve and the X-axis in Figure 8(c), the C,N, QDs had
a conduction potential of -0.72 eV. Combined with the 2.7 eV band
gap value of C,N, QDs, the calculated valence band potential of C,N,
QDs was determined to be 1.98 eV. The valence band potential of
MIL-101(Fe) was 0.76 €V at the intersection of the M-S curve tangent
line and X-axis, as shown in Figure 8(d). Based on the 2.64 eV band
gap of MIL-101(Fe), the conduction band potential of MIL-101(Fe)
was determined to be -1.88 eV. In summary, these photochemical
test results verify that loading C,N, QDs on MIL-101(Fe) inhibited
photogenerated charge carrier recombination, which provided
improved migration and separation. This showed promise for achieving
enhanced photodegradation activity.

3.8. Photocatalytic activity and stability

An organic pollutant was photocatalytically degraded by the
synthesized catalysts using a xenon lamp light source to simulate
sunlight. The performance of the prepared catalysts was evaluated
by using Congo red as a model organic contaminant. As displayed in
Figures 9(a) and 9(b), MIL-101(Fe) had the worst photocatalytic effect,
and the Congo red degradation efficiency after 20 min of light exposure
was only 72.3%. In comparison, the C,N, QDs/MIL-101(Fe) composites
showed significantly improved performance. C,N, QDs/MIL-101(Fe)-1,
C,N, QDs/MIL-101(Fe)-5, and C,N, QDs/MIL-101(Fe)-10 had Congo
red degradation efficiencies of 93.5%, 99.5%, and 83.6%, respectively.
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prepared catalysts.

C,N, QDs/MIL-101(Fe)-5 showed the most improved photodegradation
effect, followed by C,N, QDs/MIL-101(Fe)-1. Meanwhile, C,N, QDs/MIL-
101(Fe)-10 had the worst performance among these three composite
catalysts. The addition of C,N, QDs enhanced visible light absorption,
which generated more photogenerated electrons and holes. However,
in the presence of an excessive C,N, QD loading, QD agglomeration
likely blocked photogenerated charge carrier migration. To probe the
exact active species and identify the electron transfer mechanism,
radical trapping experiments were conducted for the degradation
process of the Congo red solution with C,N, QDs/MIL-101(Fe)-5
composites. Na,C,0,, isopropanol (IPA), and benzoquinone (BQ) were
adopted as the H' scavenger, -OH quencher, and -O* scavenger in the
trapping experiments, respectively. As shown in Figure S1, the BQ had
the strongest negative effects on the degradation rate for Congo red.
However, the IPA and Na,C,0, had little effect on the degradation
process. These results clearly demonstrate that -O* species play an
essential role in the Congo red photocatalytic degradation process, but
the H' and -OH play a minor role.

3.9. Mechanism analysis

On this basis, the possible reaction mechanism of the prepared
composite catalysts was proposed, as shown in Figure 10. The
composite catalyst C,N, QDs/MIL-101(Fe)-5 generates photogenerated
electrons and holes under simulated sunlight, and these charge carriers
are then transferred to the catalyst surface. Because the photogenerated
electron-hole pairs are transferred to a low energy level, the electrons
on MIL-101(Fe) are transferred to the C,N, QDs, where they react with
oxygen to form -O, free radicals. Concurrently, the holes on the C,N,
QDs undergo transfer to MIL-101 (Fe), thereby facilitating the efficient
separation of photogenerated electron-hole pairs. Nevertheless, because
its valence band potential falls below the oxidation potential of OH/-OH
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;_ (° . 0 _ + 0=s=0
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Figure 10. Mechanism of Congo red photocatalytic degradation by C,N, QDs/MIL-
101(Fe).

(2.69 eV), the conversion of OH" into -OH radicals remains unattainable
[37]. Finally, the -O, radicals degrade Congo red into inorganic acids,
H,0, and CO,.

4. Conclusions

In this study, MIL-101(Fe) and composite C,N, QDs/MIL-101(Fe)
catalysts were hydrothermally synthesized in the presence or absence
of a C)N, QD solution during synthesis. The prepared catalysts
were analyzed by a range of characterization techniques, and their
performance was evaluated for the photocatalytic degradation of Congo
red solution. The following conclusions were obtained: improved
photocatalytic performance was achieved by identifying the optimal
C,N, QD loading. Excessively low loading did not have a significant
effect on catalytic activity, while an excessively high QD loading led
to the aggregation of the C,N, QDs, which negatively affected the
catalytic effect. The composites had wider light adsorption ranges than
MIL-101(Fe), indicating their enhanced light utilization efficiency. The
composites also had larger specific surface areas than MIL-101(Fe).
Moreover, the composites had lower fluorescence intensities than the
unloaded MOF, favoring the effective separation of photogenerated
holes and electrons. The synthesized catalysts were utilized to
photocatalytically degrade 100 mg/L Congo red solution. C,N, QDs/
MIL-101(Fe)-5 had the best degradation performance. After 20 mins,
this catalyst had a 99.5% Congo red degradation efficiency, which was
1.38 times higher than that of MIL-101(Fe). To summarize, compared
with MIL-101(Fe), C,N, QDs/MIL-101(Fe) inhibited electron hole-pair
recombination, leading to the enhanced migration and separation of
electrons and holes. This led to significantly improved photocatalytic
performance. These composite catalysts show broad application
prospects for the photocatalytic degradation of organic pollutants.
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