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Abstract: MIL-101(Cr), a widely studied chromium-based metal–organic framework mate-
rial consisting of chromium metal ions and terephthalic acid ligands, has attracted much
attention due to its ultra-high specific surface area, large pore size, and excellent thermal,
chemical, and aqueous stability. The outstanding properties and abundant unsaturated
Lewis acid sites of this material have shown promising applications in aqueous phase
adsorption, gas storage, separation, catalysis, drug delivery, and sensing. In this paper, we
systematically review the synthesis technology and performance optimization strategy of
MIL-101(Cr), discuss the advantages and limitations of various synthesis methods, such
as traditional hydrothermal method, microwave-assisted hydrothermal method, template
method, and solvent-thermal method, and summarize and analyze the optimization strat-
egy of MIL-101 from the aspects of physical modification and chemical modification. In
addition, this paper summarizes the latest application progress of MIL-101(Cr) in gas
adsorption and separation, wastewater purification, pollutant removal, catalysis, and
pharmaceutical delivery, and points out the current challenges and future development
directions, to provide guidance and inspiration for the industrial application of MIL-101(Cr)
and the development of new materials.

Keywords: MIL-101(Cr); synthesis methods; optimization strategies; application advances

1. Introduction
Metal–organic frameworks (MOFs) [1,2], also known as porous coordination polymers

(PCPs), are a class of porous crystalline materials formed by the self-assembly of metal ions
or metal clusters with organic ligands [3–5]. Due to their high specific surface area, high
porosity, tunable pore size, and easy functionalization, MOFs show great potential for ap-
plications in many fields, such as gas storage and separation [6,7], adsorption, sensing [8,9],
catalysis, proton conductivity [8], and drug delivery [10]. Over the past three decades, the
number of scientific studies reported on the topology of MOFs and their potential applica-
tions has increased almost geometrically (Figure 1). An important feature of MOFs is their
ultra-high porosity (up to 90% of the free volume) as well as their impressive Langmuir
specific surface area (which can even exceed 10,000 m2 g−1) [11], which provides strong
support for applications such as gas adsorption, sensing, and catalysis.

Among numerous MOFs, the Lavoisier Institute Materials (MIL) series developed at
the Lavoisier Institute, have garnered significant attention for their remarkable structural
diversity and outstanding properties [12–14]. Within the MIL series, M(III) terephthalates
(where M = Cr, Fe, Al, V, Mn, In, etc., in decreasing order of importance), together with
terephthalic acid derivatives and extended terephthalate analogs, form an important sub-
class. MIL-47/MIL-53 [15], MIL-88 [16], MIL-100 [17], and MIL-101 [18] are four of the
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best-known porous M(III) terephthalates, and these materials are particularly noteworthy
in terms of potential applications [19]. For example, MIL-101(Fe) consists of Fe3+ octahedral
chains with 1,4-benzenedicarboxylic acid, part of which Fe3+ can be converted to Fe2+ under
certain conditions, thus showing good activation in catalytic applications. MIL-101(Cr),
as one of the most representative materials in the MIL series, is formed by coordination
of Cr3O ionic clusters with terephthalic acid (H2BDC) [20] (Figure 2b,c), and the chemical
formula can be expressed as [Cr3(O)X(BDC)3(H2)2] (where X is either OH- or F-), which
is structurally similar to the MTN zeolite topology (Figure 2a), with two different sizes of
mesoporous cavities, 29 Å and 34 Å (Figure 2e). In addition, its maximum pore window di-
ameter is about 16 Å and its BET specific surface area is up to about 4100 m2 g−1 (Figure 2d).
The water of crystallization at the end of the MIL-101(Cr) framework can be removed under
high-temperature or vacuum conditions to form unsaturated metal sites, which endows it
with potential Lewis acid catalytic activity. Due to its high porosity, good physicochem-
ical properties and stability, MIL-101(Cr) has been widely used in various fields such as
electrocatalysis, photocatalysis, pollutant adsorption, mixed matrix membranes, and drug
delivery [21–27].
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In recent years, although there have been numerous studies on the synthesis and
application of MIL-101(Cr) [28], there is still a lack of comprehensive and systematic
reviews, especially in the context of the rapid development of synthesis methods and the
emergence of new perspectives and strategies. This article provides a detailed introduction
to the synthesis technology and performance optimization strategies of MIL-101(Cr) based
on the existing literature and focuses on reviewing the progress of its application in multiple
fields, such as adsorption, sensing, catalysis, etc. At the same time, we discuss the challenges
it faces and put forward the outlook of its future industrial application, with a view of
providing valuable systematic references for the researchers in the related fields.
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MIL-101(Cr) polygonal structure model (various sizes including ~29A and ~34A).

2. The Synthesis Method of MIL-101(Cr)
MIL-101(Cr) has been synthesized by various methods, and each method has its

unique advantages and limitations. Different synthesis and activation conditions have a
significant effect on the morphology, specific surface area, yield, structural stability, and
crystallinity of MIL-101(Cr) [29–31]. It is critical to select an appropriate method for the
synthesis of MIL-101(Cr) by combining available experimental conditions, target applica-
tions, cost, and operating conditions. Traditional hydrothermal [32] and HF-free synthesis
are the most widely used methods, but with the development of green chemistry and effi-
cient synthesis techniques, microwave-assisted synthesis [33], template hydrothermal [34],
solvothermal [35], and mechanochemical synthesis [36–38] are also gaining attention.

2.1. Hydrothermal Synthesis
2.1.1. Conventional Hydrothermal Method

Hydrothermal synthesis is one of the most common methods of preparing MIL-101(Cr),
usually using water as the solvent. The basic process consists of dissolving Cr(NO3)3-9H2O
mixed with terephthalic acid (H2BDC) in deionized water, adding hydrogen fluoride (HF)
as an additive, and reacting the product for 8 h at 220 ◦C in a stainless steel PTFE-lined
hydrothermal kettle. Subsequently, the product was purified by ammonium fluoride
and ethanol and, finally, dried in a vacuum oven to obtain MIL-101(Cr) (Figure 3a). In
this process, HF plays a crucial role, not only promoting the coordination of ligands
and framework formation but also improving the crystallinity of the material, as well as
increasing the specific surface area and pore volume [39] (Figure 3b). However, the high
toxicity and volatility of HF increase the safety requirements and cost during production,
which has prompted researchers to explore the use of other additives (e.g., acetic acid
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(CH3COOH), nitric acid (HNO3), hydrochloric acid (HCl), etc.) to replace HF (Figure 3c,d).
In addition, Pan et al. [40] utilized tetramethylammonium hydroxide (TMAOH) as an
additive and improved the morphology and adsorption properties of MIL-101(Cr) by
controlling its incorporation (Figure 3e), while Zhao et al. [41] used sodium acetate and
synthesized regular octahedral MIL-101(Cr) crystals, which exhibited excellent adsorption
properties after activation at 140 ◦C.

 

Figure 3. (a) Flowchart of MIL-101(Cr) hydrothermal synthesis method [42] and SEM images of
MIL-101(Cr) with different additives: (b) HF, (c) CH3COOH [43], (d) HNO3 [44], (e) TMAOH [40].

2.1.2. Microwave-Assisted Hydrothermal Method

Microwave microwave-assisted hydrothermal method is a method of rapidly driving
reactions in high-temperature and high-pressure aqueous solutions through microwave
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heating and has been widely used for the rapid synthesis of nanoporous materials under
hydrothermal conditions (Figure 4). In addition to rapid crystallization, the potential ad-
vantages of this technology also include efficient energy transfer, phase selectivity, particle
size distribution control, and simple morphology control [45–47]. The earliest reported
microwave synthesis of MOFs was MIL-100 (Cr), which had comparable reaction rates
to conventional hydrothermal synthesis [48]. The author extended the method to the
synthesis of MIL-101(Cr) and successfully synthesized MIL-101(Cr) with similar physical,
chemical, and structural properties to those synthesized using conventional hydrother-
mal methods in less than 1 h. After groundbreaking discoveries, the application of the
microwave-assisted synthesis method in the synthesis process of MIL-101(Cr) has become
increasingly widespread. Soltanolkottabi et al. [49] synthesized MIL-101(Cr) by a two-step
method using microwave-assisted and electrothermal heating and found that when the pH
was adjusted to 3 at the electrothermal heating stage, the obtained crystals of MIL-101(Cr)
were octahedral and exhibited a CO2 adsorption capacity of 7.6 mmol g-1 Khan et al. [45]
compared the effect of microwave-assisted and electrical heating methods for the synthesis
of MIL-101(Cr) under different water concentration and pH conditions, and the results
showed that the samples obtained by microwave-assisted method with smaller particle size
and larger BET specific surface area and pore volume. This is because the reaction kinetics
under the microwave field is shifted from “nucleation dominance” to “growth inhibition”,
and the nature of the reaction is a competition between the nucleation rate and the growth
rate. The instantaneous high concentration in the nucleation phase consumes most of the
precursors, which leads to the stagnation of the growth phase due to the limitation of
material transport, thus leading to the decrease in the synthesized particle size [49]. Zhao
et al. [46] synthesized MIL-101(Cr) in octahedral morphology with a size of about 100 nm
under microwave radiation conditions of 220 ◦C and 300 W, BET specific surface area of
3054 m2 g−1, and pore volume of 2.01 cm3 g−1 and showed benzene adsorption capacity
of 16.5 mmol g−1. Yin et al. [50] synthesized standardized and homogeneous MIL-101(Cr)
using microwave hydrothermal method in only 30 min, which greatly reduced the reaction
time. Carretero-Cerdán et al. [51] synthesized amino-functionalized MIL-101(Cr)-NH2

using a one-step microwave-assisted method and found that among the various fluoride
(LiF, NaF, KF, and CsF) modifiers replacing hydrofluoric acid (HF), NaF performed the best
in terms of crystallinity and yield. High yields (>70%) and high crystallinity of MIL-101(Cr)
and MIL-101(Cr)-NH2 were successfully obtained in less than 1 h. The test results showed
that the microwave-assisted synthesis method significantly reduced the reaction time (from
12–72 h to 1 h) and increased the yields compared to the conventional solvothermal and
hydrothermal synthesis methods, while replacing N,N- dimethylformamide (DMF) as
solvent, which is more environmentally friendly. The significant improvement in reaction
efficiency of microwave-assisted method is attributed to the coupling between the applied
oscillating electric field and the permanent dipole moment of molecules in the synthesis
medium, which rapidly transfers energy to the interior of the reactants and effectively
induces molecular rotation, achieving instantaneous energy input at the molecular level
and enabling the reaction system to reach high temperature in a short period of time. In
addition, the thermal effect of microwaves can also generate thermal energy through the
rapid rotation and collision of polar molecules, further improving the reaction efficiency. At
the same time, the microwave-assisted volumetric heating mechanism (volumetric heating)
realizes the simultaneous heating of the inside and outside of the reaction system, forming
a reverse temperature field of “hot inside and cold outside”. This uniform heating not
only enhances the reaction rate and causes the precursor solution to reach supersaturation
in a very short time but also triggers homogeneous nucleation and formation of uniform
nanoscale MIL-101(Cr) particles.
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Although microwave-assisted hydrothermal synthesis has many advantages and has
been widely used in the synthesis of MIL-101(Cr) in recent years, it still faces some chal-
lenges. Microwave heating accelerates the reaction process through instantaneous energy
input, and the reaction time window is narrow, which can easily lead to the generation
of by-products. In addition, laboratory-grade microwave reactors (such as single-mode
cavities) are difficult to directly amplify, and when applied to large-scale production,
industrial-grade multi-mode cavities often suffer from local overheating or widened par-
ticle size distribution due to uneven electromagnetic field distribution, which hinders
commercial production.

2.1.3. Template Hydrothermal Method

The template method is based on the hydrothermal synthesis method, which aims
to regulate the crystal morphology and size by using templates (hard templates such as
silica, carbon nanotubes, or soft templates such as surfactants, polymers, etc.) with specific
three-dimensional structures to guide the growth of MIL-101(Cr) crystals [52,53]. Utilizing
templates to occupy the crystal space and removing the templates after the reaction, addi-
tional mesoporous or macroporous structures can be formed in the MIL-101(Cr) structure,
resulting in the construction of MIL-101(Cr) with hierarchical pores [54,55]. For example,
it has been found that nanoscale MIL-101(Cr) crystals with a wider range of sizes can be
obtained in a shorter time by selecting expanded graphite (EG) as the guiding template.
With the increase in EG addition, the crystal growth rate will be accelerated, and the crystal
size will be smaller and more uniform. Yang et al. [54], using expanded graphite (EG) as
a template, prepared nanoscale MIL-101(Cr) crystals with a BET specific surface area of
3751 m2 g−1 and a yield of 43%, with a reaction time of only 2 h. Huang et al. [52] used
CTAB as a soft template to obtain irregular MIL-101(Cr) nanoparticles with a mesopore-
to-macroporous ratio of 19:1. Chen et al. [53] employed MCM-41 with well-organized
mesopores as a structural template guide to regulate the growth of MIL-101(Cr) crystals
along a certain direction and limit the expansion of the framework. The hydroxyl groups in
MCM-41 preferentially coordinated with the Cr3 centers in the MOFs, which resulted in the
laminar arrangement of the MIL-101(Cr) nanocrystals on the substrate surface. Structural
characterization further shows that the introduction of MCM-41 increases the microporous
volume and specific surface area of MIL-101(Cr). Although the synthesis of MIL-101(Cr) by
template hydrothermal method can effectively shorten the reaction time and obtain smaller-
sized nanocrystals, there are still problems such as relatively low yield, unclear mechanism
of action, relatively complicated post-treatment, incomplete removal of template agent, and
so on. Therefore, further exploration and optimization are still needed.
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2.2. Solvothermal Method

A solvothermal method is a method in which the reaction is carried out in a closed
system with an organic solvent or a non-aqueous solvent as the medium. The method
takes advantage of the good solubility of the solvent at high temperature and pressure to
promote the full reaction of the reactants and to increase the crystallinity and porosity of the
products [56,57]. This method is often used to ameliorate the limitations of conventional hy-
drothermal methods, such as long reaction times and low yields. Tan et al. [56] synthesized
MIL-101(Cr) using a mixed solvent system of DMF and H2O at 140 ◦C. At a DMF/H2O
volume ratio of 0.20, the product showed a BET specific surface area of 2453 m2 g−1 and a
high yield of 83.3%. In addition, MIL-101(Cr), synthesized using a hybrid solvothermal
method, also outperformed the conventional hydrothermal product in terms of water
adsorption properties. Fallah et al. [58] synthesized MIL-101(Cr) and its composites with
mordenite zeolite (MOR) using a solvothermal method, which showed higher thermal
stability. Cao et al. [57] used an in situ growth restriction strategy to synthesize MIL-101(Cr)
with different pore structures by changing the solvent dosage and studied in depth the
mechanism of solvent effect on pore structure and the improvement of toluene adsorption
performance. The experimental results show that the solvent effect can regulate the pore
structure of MIL-101(Cr) by affecting the rate of crystal nucleation and growth. When the
solvent dosage is low, the nucleation rate is faster than the growth rate, resulting in small
crystal size and dense pore structure, high specific surface area, but small pore volume;
when the solvent dosage is increased, the opposite is true. Although the solvothermal
synthesis of MIL-101(Cr) has flexibility in low temperature regulation and morphology
design, its toxic reagent dependence and high energy consumption and yield are still bottle-
necks for industrialization. In the future, it is necessary to promote its practical application
in the fields of adsorption, catalysis, and energy storage through the innovation of green
processes, technological breakthroughs in scale-up, and a multifunctional design.

2.3. Mechanochemical Synthesis Method

Mechanochemical synthesis (MSS) is a green synthesis method that induces chemical
reactions in solid feedstocks by mechanical forces (e.g., grinding, ball milling, etc.). The core
advantages over conventional solvothermal methods are the absence of solvents, allowing
the use of metal precursors with low solubility, short reaction times, low energy consump-
tion, and the possibility of avoiding the use of toxic reagents such as hydrofluoric acid (HF),
which makes it a suitable synthesis strategy for continuous industrial production [37,59–61].
The synthesis consists of two main stages: grinding and heating in a high-pressure heater
for several hours [62]. Leng et al. prepared MIL-101 with a very high N content and a high
specific surface area of 2764 m2 g−1 by ball milling the metal source and ligand for 30 min,
followed by heating in an autoclave at 220 ◦C for 4 h. The specific surface area of MIL-101 is
also very high. The authors compared it with MIL-101(Cr) synthesized using a solvothermal
method and found that its crystal size was significantly smaller than that of the MIL-101(Cr)
sample prepared under hydrothermal conditions. Mechanochemical methods have great
potential for future development due to their unique and multiple advantages. However,
it also faces some limitations, such as the crystallinity of the product that needs to be
improved and the mechanical force that may lead to crystal agglomeration and structural
damage. In the future, the mechanochemical/hydrothermal/solvent/microwave-coupled
synthesis technique can be developed to balance the crystallinity of the products with
the synthesis efficiency, and the efficient synthesis strategy of MIL-101(Cr) can be further
explored [63,64].

Overall, the hydrothermal method is still the main method for the preparation of MIL-
101(Cr) due to its simplicity and efficiency, while the microwave-assisted, template method,
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and solvothermal method provide more options for improving product quality, shortening
the reaction time, and modulating the crystal structure (Table 1 compares several common
methods for synthesizing MIL-101(Cr)). In addition to the above five synthetic methods,
some new MIL-101(Cr) synthesis strategies, which are more efficient and environmentally
friendly, have emerged in recent years, for example, the ionothermal method [65,66],
ultrasonic radiation method, and so on. Hojatollah et al. [67] introduced a new method for
the synthesis of MIL-101(Cr) by an ultrasonic radiation (UTS) technique, which accelerates
the preparative reaction through the cavitation effect of ultrasound. Compared with
the conventional hydrothermal and microwave methods, MIL-101(Cr) synthesized by
ultrasonic radiation has more significant time and energy efficiency advantages, can achieve
high yield synthesis in a shorter period of time, does not require the use of large quantities
of hydrofluoric acid, which reduces the risk to the environment, and it is undoubtedly a
faster, more efficient, and environmentally friendly synthesis method.

Table 1. Comparison of synthesis methods for MIL-101(Cr).

Synthesis Method Main Steps Advantages Drawbacks

Conventional
hydrothermal method

1. Mix a certain molar ratio of terephthalic
acid (TPA), Cr(NO3)3-9H2O, and water and
add a small amount of fluoride (e.g., HF or

NH4F) as a mineralizing agent.
2. Place the mixture in a PTFE-lined stainless
steel reactor and let it react at 180–220 ◦C for

12–48 h.
3. At the end of the reaction, wash the
product with solvent and dry to obtain

MIL-101(Cr).

The operation is relatively simple
and suitable for large-scale

synthesis; the product has high
crystallinity and good

pore structure.

The use of highly corrosive
mineralizers such as HF has high

equipment requirements and
poses significant safety risks.

There may be residual fluoride
ions in the product.

Microwave-assisted
hydrothermal method

1. Dissolve TPA, Cr(NO3)3-9H2O, and
mineralizer (optional) in water and stir well.
2. Place the mixed solution in a microwave

reactor and let it react at 100–180 ◦C for
5–30 min.

3. At the end of the reaction, wash and dry to
obtain MIL-101(Cr).

The reaction time is short, and the
synthesis efficiency is high; the

crystallinity and pore structure of
the products are comparable to

those of the traditional
hydrothermal method.

Specialized microwave
equipment is required, which is

costly; the control of reaction
conditions is demanding.

Template
hydrothermal method

1. During the synthesis process, guide
MIL-101(Cr) crystal growth using templates
with specific three-dimensional structures

(hard templates such as silica, carbon
nanotubes, or soft templates such as

surfactants, polymers, etc.).
2. Transfer the mixture to a reaction vessel

and let it react at 160–220 ◦C for 6–48 h.
3. After the reaction is complete, remove the

template agent by calcination or other
methods to obtain MIL-101(Cr) with a

specific pore structure and morphology.

The obtained MIL-101(Cr) has a
tunable crystal structure and pore
morphology, which can effectively

improve the adsorption and
catalytic properties; nanoscale

materials can be prepared.

The synthesis steps are complex
and costly; incomplete removal of

templating agents may affect
material properties.

Solvothermal method

1. Mix a certain molar ratio of TPA,
Cr(NO3)3-9H2O and an organic solvent (e.g.,

ethanol, DMF, etc.) and add a
mineralizing agent.

2. Carry out the reaction at 180–220 ◦C for
12–48 h. At the end of the reaction, wash the

product with solvent and dry to obtain
MIL-101(Cr).

The use of organic solvents is
suitable for the synthesis of

water-sensitive compounds; the
products have better crystallinity

and pore structure.

Requires the use of organic
solvents, higher cost, and risk of

environmental pollution; reaction
conditions are more demanding.

Mechanochemical
synthesis method

1. Grinding of mixtures of metal precursors
and organic linkers by mechanical force (e.g.,

mortar and pestle or ball mill)
2. Several hours in a high-pressure heater

No need to use solvents, green
environmental protection

characteristics; short reaction time,
suitable for continuous

production; small particle size of
the product.

Lower crystallinity and
mechanical forces tend to induce

by-products; uneven input of
mechanical energy may lead to
crystal crystallization; control of
industrial production ball mills

is challenging.
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3. Performance Optimization Strategies
Due to its unique porous structure, high specific surface area, tunable chemical proper-

ties, and modification strategies, MIL-101(Cr) shows broad application prospects in the fields
of gas storage, adsorption and separation, catalysis, and sensing. However, the performance
of MIL-101(Cr) in some applications still needs to be further optimized, so its physically
regulated modification and chemical modification strategies have been widely studied and
applied, and there is still much room for exploration and development in the future.

3.1. Physical Modification
3.1.1. Regulation of Particle Sizes, Morphology, and Pore Sizes

The highly developed microporous and mesoporous structure of MIL-101(Cr) is one of
its most important characteristics, and thanks to its rich pore network, the specific surface
area (SBET) of MIL-101(Cr) is as high as 4230 m2/g, which has a decisive impact on its
performance and applications. The morphology and particle size also significantly influence
the properties of MIL-101(Cr), with different morphologies and particle sizes leading to
different optimal application areas [5,68]. For example, in catalysis, the octahedral structure
equips MIL-101(Cr) with more coordination unsaturation sites, which plays a key role in
the exposure of its catalytic sites. On the contrary, spherical MIL-101(Cr) exhibits higher
performance in dye adsorption as it provides a more homogeneous surface and higher
pore utilization, which effectively enhances the adsorption of target molecules. According
to the application characteristics of MIL-101(Cr) in different fields, optimizing its particle
size, morphology, and pore space to maximize the application energy efficiency is the key
research direction of MIL-101(Cr) at this stage and even in the future.

Through research, it has been found that precise control of the particle size, morphol-
ogy (such as spherical, cubic, octahedral), and pores of MIL-101(Cr) can be achieved by
adjusting the type and concentration of additives (such as acetic acid, NaOH, TMAOH,
CTAB, etc.), or using templates and molds [42,69]. For example, NaOH additives were
shown to reduce the particle size of MIL-101(Cr) to the nanometer scale (~90 nm on average),
and the specific surface area could reach 4065 m2 g−1 [70,71]. Zhao et al. [72] successfully
achieved the modulation of the pore structure of MIL-101(Cr) by adjusting the concentra-
tion of acetic acid. Ortho-octahedral crystals of MIL-101(Cr) with an average particle size
of about 100 nm can be obtained at lower concentrations of acetic acid. And the use of
NaOH can modulate the particle size of MIL-101(Cr) down to about 90 nm, with a specific
surface area up to more than 4000 m2/g. Xu et al. [68] found that the addition of sodium
stearate (SS) and cetyltrimethylammonium bromide (CTAB) could effectively modulate
the morphological features of MIL-101(Cr) while significantly improving its adsorption
capacity and selectivity for methyl orange (Figure 5a,b). In addition, the optimization of
morphology and pore size can also be achieved by adjusting the ratio of components and
reaction conditions (microwave power, reaction temperature, etc.) [73,74]. Zhou et al. [75]
successfully prepared a MIL-101(Cr)-based segmented membrane with excellent pore size
distribution and morphology by adjusting the ratios of acetic acid, ligand, and metal to
balance the nucleation and growth process of MIL-101(Cr), which showed excellent perfor-
mance in CO2/N2 separation at low pressure, successfully confirming the importance of
systematic regulation of component ratios in enhancing the energy efficiency of MIL 101(Cr)
applications. Alivand et al. [74] prepared a series of MIL-101@M-X-Y samples by adjusting
the ratios (X) of ligand (H2BDC) to metal clusters (Cr) and the ratio (Y) of modifier (HNO3)
to metal clusters during synthesis as a means to modulate the pore structure and surface
properties of the material, and a MIL-101(Cr) material with higher adsorption performance
and yield was successfully developed, which provides a highly efficient and cost-effective
solution for the adsorption of industrial gases (Figure 5c,d).



Chemistry 2025, 7, 78 10 of 40Chemistry 2025, 7, x FOR PEER REVIEW 11 of 43 
 

 

 

Figure 5. (a) A synthetic scheme of different morphologies of MIL-101(Cr) crystal. (b) TEM images 
of (I) MIL-101(Cr), (II) SS@MIL-0.2, and (III) CTAB@MIL-0.2 [68].Copyright Iranian Chemical Soci-
ety 2020 (c) Regulatory strategies and data graphs. (d) FE-SEM images of different synthesized MIL-
101@M-X-Y nanoadsorbents at the scale of 2 [74]. Copyright 2018 Elsevier Inc. 

Figure 5. (a) A synthetic scheme of different morphologies of MIL-101(Cr) crystal. (b) TEM images
of (I) MIL-101(Cr), (II) SS@MIL-0.2, and (III) CTAB@MIL-0.2 [68]. Copyright Iranian Chemical
Society 2020 (c) Regulatory strategies and data graphs. (d) FE-SEM images of different synthesized
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By using the solvent “squeezing” strategy and adjusting the type and quantity of
solvents in the synthesis process of MIL-101(Cr), it is possible to introduce additional
defect structures into its pores, thereby significantly improving the porosity. That is,
during the synthesis process, the “squeezing” effect generated by the solvent molecules
filling the pores of MIL-101(Cr) will affect the shape and size of the pores, causing them
to expand and even form new pore structures inside the pores. These newly formed
pores not only increase the total pore volume of the material but also may improve the
connectivity between pores, making the pore structure of the entire material more uniform
and optimized. Subsequently, the solvent can be gradually removed by heating, vacuuming,
or other physical and chemical methods. Cao et al. [57] investigated the effect of solvent on
the nucleation and growth rate of MIL-101(Cr) crystals in order to explore the regulatory
effect of solvent dosage on MIL-101(Cr) pores. By modulating the pore structure, it was
found that the adsorption rate of MIL-101(Cr)-1.6 mM in the pore diffusion stage was
significantly increased, and the larger pore volume exposed more unsaturated metal sites
and basic sites, which was applied to the adsorption of toluene, demonstrating a higher
toluene adsorption capacity (Figure 6). In addition, this study found that temperature
also had an effect on MIL-101 pores. In the adsorption of toluene by MIL-101(Cr), the
process was susceptible to temperature because of the dominant role of van der Waals
forces, and because the adsorption effect would be significantly weakened by the increase
in temperature.
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In addition to the above methods used to regulate the morphology, particle size, and
pore space of MIL-101(Cr), there are other potential manipulation measures that may also
have an impact on its morphological characteristics. For example, the parameter settings in
the experimental process, the centrifugal speed can effectively separate nanoparticles with
different particle sizes or impurities in the pores and, also, achieve the regulation of the par-
ticle size of MIL-101(Cr). The modulation of the morphology, particle size, and pore space
of MIL-101(Cr) has developed rapidly and has gradually expanded from the traditional
optimization around synthetic methods to functionalized modifications, green synthesis,
and composite design. The efficient preparation of MIL-101(Cr) with specific particle size,
morphology, and porosity plays an important role in enhancing its performance in multiple
applications. However, the modulation of MIL-101(Cr) morphology may involve the choice
of a templating agent and the risk of structural damage during the removal process. The
control of particle size may be affected by factors such as reaction time and temperature,
making it difficult to achieve precise control. The regulation of pore space may require the
adjustment of the ratio of ligand and metal source, which will be a laborious and tedious
project, and may also lead to the destabilization of the crystal structure of MIL-101(Cr). In
addition, multifactorial coupling effects must be considered, such as the mutual constraints
that may arise when morphology and pore space are regulated simultaneously. Therefore,
in the future, combining computational simulation to optimize the design, standardize the
experiments, and booking the application space through science and technology to cope
with the above challenges will be an important development direction in this field.

3.1.2. Preparation of Hybrid Composites

MIL-101(Cr) combined with other functional materials (blending method, in situ
method) can form composites with excellent synergistic effects, which leads to the targeted
optimization of MIL-101(Cr) properties [1,44,76–78]. Bimetallic MOFs formed by doping
other metal ions or MOFs into MIL-101(Cr) as the main body have shown enhanced prop-
erties in various fields due to their synergistic and complementary effects and significantly
enhanced metal activity centers [79,80] (Figure 7a). FRafati Jolodar et al. [81] prepared a
bimetallic MOF (MIL-101(Cr-Al)) based on MIL-101(Cr) and used it for dynamic adsorp-
tion and separation of CO2 from natural gas. Comparing this bimetallic MIL-101(Cr-Al)
composite with monometallic MIL-101(Cr), it was found that the bimetallic composite
MIL-101(Cr-Al) outperformed the monometallic MIL-101(Cr) in terms of CO2 adsorption
capacity and selectivity, and exhibited higher dynamic adsorption performance under high-
pressure conditions. Fakhraie et al. [44] designed a novel core–shell structural composite,
MIL-101(Cr)@UiO-66(Zr) (MU-4) nanocrystals, for the efficient selective separation of H2S
and CO2. The small pore size of UiO-66(Zr) in the composite effectively synergized with
the large pore size of MIL-101(Cr) to achieve efficient and stable adsorption and separation
of acid gases (Figure 7b,c). IAST predictions show that the composite nanocrystals with this
core–shell structure significantly outperform pure MIL-101(Cr) in terms of selectivity for
a wide range of gases (H2S/CH4, H2S/N2, CO2/CH4, and CO2/N2), with improvement
of 7.8%, 47.0%, 32.1%, and 59.9%, respectively, at high pressures. The design of this novel
core–shell structure provides a new strategy for the development of high-performance
MIL-101(Cr) substrates.
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Modulating the pore size and surface chemistry of MIL-101(Cr) by doping functional
complementary materials is an important strategy to optimize its properties [79]. Bazmi
et al. [83] successfully prepared FAC@MIL-101(Cr) composites with micro- and mesoporous
structure by embedding amine-functionalized activated carbon in MIL-101(Cr). Thanks to
the enhanced interaction between MIL-101(Cr) and CO2 molecules due to the embedding
of FAC, and the presence of mesopores facilitated the transport of CO2 molecules, the
CO2 adsorption kinetics of the composite FAC-6@MIL-101(Cr) was three times higher than
that of pure MIL-101(Cr), and the CO2/N2 selectivity and CO2 adsorption capacity were
also significantly higher. Han et al. [82] loaded ionic liquids (ILs carboxamide chloride—
[CAM][Cl]) into MIL-101(Cr) and prepared a composite material [CAM][Cl]@MIL-101(Cr)-
30% whose NH3 adsorption capacity (44.6%) was significantly higher than that of pure
MIL-101(Cr) (Figure 7d), achieving an efficient capture and selective separation of ammonia
(NH3) and carbon dioxide (CO2). Thamer et al. [84] investigated a MIL-101(Cr)/poly(vinyl
alcohol) (PVA) nanofiber composites (MIL-101(Cr)@PVA NFs) prepared based on the green
electrospinning technique and used them for the removal of crystalline violet (CV), a
cationic dye in water. Thanks to the aromatic ring structure and high specific surface area
of MIL-101(Cr) itself, as well as the transverse and longitudinal distribution slits of PVA
and the abundant hydroxyl (-OH) distribution on the surface, the MIL-101(Cr) particles
were arranged in nanoneedles in the PVA nanofibers, which showed excellent electrostatic
adsorption performance, stability, and reusability (Figure 8). All these studies successfully
demonstrated the great application potential of the hybrid composite strategy in optimizing
the properties of MIL-101(Cr).
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between MIL-101(Cr)@PVA NFs and CV dye. (e) Adsorption performance of MIL-101(Cr)/PVA NFs
versus other adsorbents for CV removal [84]. Copyright 2024 Society of Plastics Engineers.

Although MIL-101(Cr) composites can achieve improved functionality and perfor-
mance due to the significant complementary effects of the components, they still face some
key challenges in practical applications. For example, the composite of two components
with different chemical properties can easily lead to poor interfacial compatibility and
dispersion, which hinders the optimization of composite properties. Furthermore, due
to the differences in the physicochemical properties of the components, the control of the
scale-up process parameters is also a major challenge as inaccurate settings may trigger
incomplete local reactions in the composites.

3.1.3. High-Temperature Calcination

High-temperature calcination of MIL-101(Cr) can effectively remove the terminal wa-
ter molecules coordinated with Cr3+ in its structure, thus exposing the unsaturated Cr3+
sites and forming a strong Lewis acid center, which can significantly improve the energy
efficiency of MIL-101(Cr) in the fields of catalysis and energy storage [85–87]. In addi-
tion, high-temperature calcination can effectively regulate the chemical composition, pore
structure, and surface properties of MIL-101(Cr) by changing the parameter settings (e.g.,
temperature, heating rate, retention time, atmosphere, etc.), thus realizing the targeted de-
sign of its functions. For example, low-temperature calcination (200–350 ◦C) is mainly used
to activate the sites while retaining the main structure of MOF; medium-high-temperature
calcination (350–600 ◦C) is mostly used for the production of Cr-based metal oxides or
partially carbonized materials, which is suitable for the preparation of catalytic materials;
ultra-high-temperature calcination (>800 ◦C) can completely carbonize MIL-101(Cr) to pro-
duce derivative materials suitable for the energy storage field. Furthermore, the heating rate
of calcination directly affects the integrity of the crystal structure, the exposure of the active
sites, and the production of by-products. A slow temperature increase helps the orderly ex-
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posure of Cr3+ sites, while a fast temperature increase may lead to aggregation or sintering of
active sites, which is detrimental to the catalytic efficiency of the derivatives. Under specific
conditions, the use of two-stage warming (e.g., initial 2 ◦C min−1 to 300 ◦C and subsequent
10 ◦C min−1 to the target temperature) can ensure the gradual removal of water molecules
while avoiding pore shrinkage caused by rapid warming. This strategy can maintain the
excellent dispersion and mesoporous structure of the prepared MIL-101(Cr) derivatives.
The calcination retention time determines the completion of the calcination process, which
directly affects the crystallinity, porosity, and chemical stability of the material. Usually,
short-time calcination only partially removes ligand water and surface adsorbates, which can
retain the main structure of MOF, and long-time calcination (>4 h) can promote the complete
oxidation or carbonization of organic ligands to form high-purity metal oxides. The type
of atmosphere (oxidizing, inert, reducing) directly determines the chemical composition
and surface functionalization of the calcined products. For example, oxidizing atmosphere
calcination produces oxides, inert atmosphere preserves the carbon skeleton, and reducing
atmosphere achieves the effect of modulating the metal valence state [88].

Farisabadi et al. [89] successfully prepared high-performance MIL-101(Cr)-derived
carbon material Cr2O3/C by calcining MIL-101(Cr) at high temperature of 800 ◦C for 5 h at
a heating rate of 5 ◦C min−1 and applied it to asymmetric supercapacitors (Figure 9a–c),
which exhibited excellent specific capacity and multiplicity performance, successfully
confirming the advantages of high-temperature calcination of MIL-101(Cr) for improving
its electrochemical performance. Zhu et al. [88] prepared praseodymium (Pr)-doped Cr2O3

catalysts (M-PrCr) by pyrolyzing MIL-101(Cr) for 5 h at 400 ◦C under air atmosphere with
a heating rate of 5 ◦C min−1, which were applied to the efficient catalytic oxidation of
1,2-dichloroethane (1,2-DCE) and exhibited excellent catalytic performance and durability
at low temperatures, providing a promising strategy for preparing and optimizing MIL-
101(Cr)-based catalytic materials.
 

2 

 

Figure 9. (a) A schematic representation illustrating the fabrication process of materials. (b,c) SEM
images of (b) MIL-101(Cr) and (c) Cr2O3/C [89]. Copyright 2018 Elsevier B.V.
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Although the high-temperature pyrolysis MIL-101(Cr) strategy is more widely used
in the field of energy storage and conversion, the inherent poor electrical conductivity of
MIL-101(Cr) makes this its greatest application advantage not in the field of energy storage.
So, figuring out how to multifacetedly enhance the application value of high-temperature
pyrolysis MIL-101(Cr) will be a very promising research direction in the future.

3.2. Chemical Modification Strategies
3.2.1. Modified Functionalization

A chemical modification is an important means of enhancing the properties of MIL-
101(Cr) and offers higher structural designability and scalability than physical modifica-
tion [90,91]. MIL-101(Cr) functionalization modification is one of the most convenient
and energy-efficient chemical modification strategies for the application, which can be
achieved by adjusting the functional groups of grafting, thus conferring MIL-101(Cr)
substrates with specific functional properties while keeping the crystal structure of MIL-
101(Cr) unchanged [92,93]. Functionalization modification is subdivided into two types:
one is a pre-synthesis modification, which refers to the direct use of functionalized lig-
ands, such as the introduction of terephthalic acid with amino or hydroxyl groups during
the synthesis process [51], and the other is post-synthesis modification, which refers to
the introduction of functional groups such as amino, hydroxyl, and sulfhydryl groups
through chemical reactions after the synthesis of MIL-101(Cr) [90,94]. Xi et al. [21] suc-
cessfully synthesized MIL-101-CHO with formaldehyde moiety by pre-synthesis method
and further converted it into four MIL-101(Cr)-containing amine groups by post-synthesis
strategy (Figure 10a,b). The results showed that MIL-101-TAEA aminated with “N,N-bis(2-
aminoethyl)ethylenediamine” had the largest specific surface area and pore volume, while
the amination degree was the lowest, and the crystal structure of MIL-101(Cr) was retained.
Dendy et al. [95] modified MIL-101(Cr) via ethylenediamine (EDA) using post-synthetic
modification and focusing on the effect of amine groups and surface properties on the
adsorption performance of the modified EDA@Cr(III)-BDCs, which were also compared
with the unmodified and MIL-101(Cr)-NH2 generated by using pre-synthetic modification.
The test results showed that EDA@Cr(III)-BDC exhibited higher stability and superior pore
properties in multiple adsorption–desorption cycling experiments, which was attributed
to the strong chemical bonding and electrostatic interactions formed between the amine
groups in EDA and the Cr(III)-BDC frameworks, which made the material less susceptible
to degradation or inactivation in an aqueous environment (Figure 11a). In addition, it was
found that the amine group content in EDA@Cr(III)-BDC could be precisely regulated by
varying the amount of EDA, which, in turn, adjusted its surface charge and adsorption
properties (Figure 11b). Yang et al. [69] used a pre-synthesis method to introduce sulfonic
acid groups (-SO3H) into the backbone of MIL-101(Cr), which enhanced the adsorption
drive of MIL-101(Cr) for toxic dyes, resulting in the preparation of highly efficient selec-
tive dye adsorbents. In addition, the pore structure, specific surface area, and surface
charge distribution of MIL-101-SO3H were precisely controlled by adjusting the molar
ratio of H2BDC-SO3Na to H2BDC, thereby optimizing its adsorption performance of MIL-
101-SO3H for various dyes. These studies successfully demonstrated the potential and
flexible applicability of chemical functionalization modification strategies in optimizing the
adsorption performance of MIL-101(Cr).
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Functionalization can not only effectively optimize the adsorption performance and
surface functional properties of MIL-101(Cr) but also significantly improve the electrocat-
alytic activity and electrical conductivity of MIL-101(Cr), increasing its application value in
the field of energy storage [96,97]. For example, the introduction of Lewis basic nitrogen-
containing functional groups (e.g., amino-NH2) into MIL-101(Cr) can effectively improve
its surface charge distribution, enhance the interaction with the reactants, and stabilize
the reaction intermediates, thus reducing the reaction activation energy and realizing the
enhancement of catalytic performance. In addition, amines can act as electron donors to
improve the conductivity of the materials by promoting electron transfer and enhancing the
charge carrier concentration. Wang et al. [97] used NH2-MIL-101(Cr) as a heterogeneous
photocatalyst and investigated its catalytic energy efficiency when hydrogen peroxide
(H2O2) was used as a green oxidizing agent under mild conditions. It was found that NH2-



Chemistry 2025, 7, 78 18 of 40

MIL-101(Cr) was able to efficiently convert H2O2 to ROS, demonstrating higher styrene
conversion and selectivity compared to MIL-101(Cr). This is attributed to the fact that the
amino group can further enhance the interaction of the Cr site with H2O2 by facilitating the
one-electron transfer process, thus improving the activity and selectivity of the reaction.
Apart from -NH2, there are a number of functional groups that also show excellent value
in optimizing the catalytic performance of MIL-101(Cr), such as halogen atom functional
groups (fluorine (-F), chlorine (-Cl) and bromine (-Br)), which are a class of atoms with
specific chemical properties, strong electronegativity and reactivity, and halogen-modified
MIL-101(Cr) has superior chemical stability and catalytic activity [98–100]. There are also
acidic groups, such as carboxyl groups (-COOH) and sulfur-containing sulfonic acid groups
(-SO3H), which can significantly enhance the acidity of the material and provide protons
for the reaction, and have an important potential for facilitating the conduct of catalytic
reactions by acidic mechanisms. In addition, the introduction of sulfonic acid groups can
also improve the hydrophilicity of MIL-101(Cr) and promote the diffusion, adsorption,
and full contact with the electrolyte of catalytically active substances, which is expected to
enable MIL-101(Cr) to exhibit higher conversion efficiency in aqueous catalytic reactions
such as the catalytic hydrolysis of cellulose, thus promoting the research and development
of high-performance MIL-101(Cr)-based catalytic materials.
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Although functionalization modification of MIL-101(Cr) can effectively enhance its
functionality, there are some potential challenges. For example, direct functionalization
may lead to a large number of functional groups entering the mesoporous structure and
occupying the pore channels, thus reducing the adsorption performance of MIL-101(Cr).
In addition, certain methods of functionalization may affect the long-term stability of the
material, e.g., partially modified MIL-101(Cr) may be inactivated in practical applications
due to changes in environmental conditions. Further some of the functionalization meth-
ods require complex experimental conditions and expensive reagents, which increase the
difficulty of preparation. Therefore, based on the above challenges and the diverse function-
alization methods of MIL-101(Cr), weighing the combined effects of different methods on
the adsorption performance, catalytic activity, and stability and selecting the best strategy
are the key to achieving the targeted optimization of MIL-101(Cr) performance.

3.2.2. Ion Exchange

The ion-exchange strategy involves chemically replacing some or all of the chromium
ions (Cr3+) in the MIL-101(Cr) framework with other metal ions (e.g., Fe3+, Co2+, Ni2+, Zn2 +,
etc.). This strategy usually involves immersing MIL-101(Cr) in a solution containing the
target metal ions and realizing the replacement of the metal ions through an ion exchange
reaction [101]. Vu et al. [102] partially replaced chromium (Cr) with iron (Fe) in MIL-101(Cr)
by homocrystalline substitution and investigated its catalytic energy efficiency as a novel
heterogeneous photo-Fenton catalyst for the degradation of reactive dyes (e.g., Reactive Red
195, RR195). It was shown that pure MIL-101(Cr) had almost no catalytic activity, whereas
Fe-Cr-MIL-101 exhibited significant photo-Fenton catalytic activity under simulated sunlight
irradiation, and the degradation rate of RR195 reached 98% in 100 min. The significant
improvement of the catalytic performance can be attributed to the catalytic decomposition
of H2O2 by Fe(III) on the surface of Fe-Cr-MIL-101, and at the same time, H2O2, in turn,
successfully captured the photogenerated electrons generated by the excited state of Fe-Cr-
MIL-101, which synergistically generated a large number of hydroxyl radicals, which, in
turn, considerably improved the degradation efficiency and stability. This study successfully
demonstrated the potential of the ion substitution strategy in the targeted optimization of the
performance of MIL-101(Cr) and the great scope for future development. However, despite
the many advantages of the ion-exchange strategy, it still suffers from some shortcomings
and limitations in terms of selectivity, exchange capacity, regeneration and waste treatment,
kinetics, material stability, cost, and operating conditions. These limitations may affect the
effectiveness and efficiency of MIL-101(Cr) in some applications. Therefore, in practical
applications, it is necessary to select suitable ion exchange materials and optimize operating
conditions according to specific needs in order to overcome these deficiencies.

The optimization strategies of physical modulation and chemical modifications of
MIL-101(Cr) have their own advantages. Chemical modification mainly regulates its chem-
ical properties by introducing functional groups or replacing metal ions, while physical
modification optimizes its physical properties by regulating the pore structure, morphology,
or preparing hybrid materials. These modification strategies can be used individually or in
combination to meet different application requirements, providing a broad development
space for the application of MIL-101(Cr) in gas storage and separation, seawater desalina-
tion [103] and catalysis. In addition to several types of optimization strategies introduced
above, many other novel optimization strategies have emerged in recent years, such as the
introduction of specific guest chemicals into MIL-101(Cr) to enhance the electrical conduc-
tivity, luminescence, and magnetism of MIL-101(Cr) [104]; the grafting of polymer chains
on the surface of MIL-101(Cr) through chemical reactions; the self-assembly technique on
the surface of MIL-101(Cr) to form a monomolecular layer; or the use of a dual exchange
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strategy of continuous ligand exchange and metal complexation process for systematic
optimization of MIL-101(Cr) properties [99,104–106].

4. Application Progress
Due to unique advantages such as ultra-high specific surface area and excellent stabil-

ity, MIL-101(Cr) has achieved remarkable results in adsorption [83], sensing [107], and many
other fields [108–110] (As Table 2 summarizes the progress and advantages of MIL-101(Cr)
applications in a number of areas), as follows:

4.1. Gas Adsorption and Separation

Thanks to its excellent physicochemical properties, MIL-101(Cr) stands out among
many types of MOFs and shows superior application advantages in gas storage and
separation applications [21–24]. Yang et al. [25] compared MIL-101(Cr), ZIF-8, and UiO-66
and found that MIL-101(Cr) adsorbed carbon dioxide (CO2) significantly better than the
other MOF materials, reaching 29.4 mmol g−1. Llewellyn et al. [111] compared MIL-101(Cr)
with MIL-100(Cr) for gas adsorption and found that the maximum adsorption of CO2

by MIL-101(Cr) could reach 40 mmol g−1 and its adsorption of hydrogen (H2) was also
superior compared to that of MIL-100(Cr). Furthermore, Hong et al. [112] showed that the
adsorption capacity of MIL-101(Cr) for CO2 was 37% higher than that of the commonly
used adsorbent material zeolite monomer, and the adsorption efficiency was 1.5 times
higher, which makes it an environmentally friendly and durable adsorbent material with
great potential for development. The extremely high specific surface area (4100 m2 g−1) of
MIL-101(Cr) and the abundance of large pore sizes (30–35 Å), which can provide a large
number of adsorption sites for gas molecules, as well as its good chemical stability under
various environmental conditions (e.g., acidic, alkaline, high temperature, etc.), ensures that
it will not undergo structural damage or performance degradation during the process of
gas separation and adsorption and storage; the diverse physical and chemical modification
strategies make it possible to realize selective adsorption of specific gases through treatment,
especially in the case of CO2, H2, methane (CH4), and other gases, showing excellent
application efficacy [113,114]. Menezes et al. [115] investigated the adsorption properties of
MIL-101(Cr) for CO2 and CH4 under high-pressure conditions with the aim of providing
an efficient material for CO2/CH4 separation in natural gas purification processes. The
data of this study show that MIL-101(Cr) has high adsorption capacity and selectivity
for CO2 under high-pressure conditions, as well as good thermodynamic stability and
reversibility, and maintains stable performance after six adsorption–desorption cycles,
which has considerable potential for practical applications.

Membrane technology, with its advantages of low energy consumption, no solvent
evaporation, and small footprint, is suitable for practical applications at different scales
and is becoming increasingly valuable in the field of carbon-based gas separation and
adsorption. The proper pore size distribution of separation membranes is crucial for gas
separation, and it is usually necessary to match specific molecular dynamics diameters
to achieve efficient and selective adsorption separations.MIL-101 membranes have been
widely used for CO2/N2 separations due to their tunable structural features (e.g., porosity,
functional groups, and pore size, etc.). Zhou et al. [75] balanced the nucleation and
growth process of MIL-101(Cr) by adjusting the ratios of acetic acid, ligand, and metal,
and successfully prepared a high-performance MIL-101(Cr) functionalized separation
membrane (F-NH2-MIL-101(Cr) with a suitable pore size distribution (average pore size
of about 0.56 nm) and functional groups, and their applications in CO2/N2 separation
were explored. The results showed that under the optimal preparation conditions, the
membrane exhibited high CO2 permeability (6104 GPU) and CO2/N2 selectivity (37),
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which outperformed most of the reported MOF membranes. Additionally, the membrane
remained structurally stable throughout the 50 h test period, which has potential for
long-term practical applications.

4.2. Wastewater Purification, Dye Adsorption

Harmful dyes in industrial wastewater are an important ecological problem, especially
in wastewater discharged from the textile industry. These dyes are not only difficult to
decompose but may also be carcinogenic and mutagenic, so effective treatment technologies
are needed to remove these pollutants. MIL-101(Cr) has important applications in the
treatment of organic dyes and wastewater due to its large number of well-distributed pore
channels, outstanding chemical stability, abundance of unsaturated chromium (Cr) sites,
and tunable surface properties [116–121]. In addition, MIL-101(Cr), synthesized through
a green strategy, is expected to achieve efficient purification of waste dyes while closely
following the concept of sustainable development [122]. Cheng et al. [123] synthesized MIL-
101(Cr) without hydrofluoric acid (HF) using terephthalic acid (TPA) from discarded PET
plastic bottles as an organic ligand and tested its adsorption performance on anionic dyes
such as reactive red 2 (RR2) and reactive blue 19 (RB19) (Figure 12a). The results showed
that the adsorption capacity of MIL-101(Cr) for RR2 and RB19 reached 662.87 mg/g and
863.67 mg/g, respectively (Figure 12b), and the adsorption efficiency remained high after
several regeneration cycles (the regeneration rates were 91.18% and 91.44%, respectively, in
the fourth cycle), which demonstrated a good cyclic regeneration capacity and practical
application value. Keshta et al. [110] similarly prepared MIL-101(Cr) using a green synthesis
method based on organic and inorganic waste recycling and applied it to the removal of the
anionic dye Acid Blue 92 (AB-92) from water (Figure 12c,d). The results showed that this
green synthesized G-MIL-101(Cr)@R had excellent adsorption performance, sustainability,
and reusability, and the adsorption efficiency remained above 70% after five cycles without
the use of regeneration solvents, which provided a highly efficient and environmentally
friendly solution for the treatment of organic dyes in wastewater.

Different synthesis conditions (e.g., mineralizer, defective initiator, reaction temper-
ature, etc.), crystal morphology (spherical vs. octahedral), and pore structure (meso-
porous, microporous, etc.) have significantly affected the dye adsorption properties of
MIL-101(Cr) [122,124,125]. Gökırmak Söğüt et al. [126] explored the effect of the ortho-
octahedral MIL-101(Cr) and its spherical nano-MIL-101(Cr) adsorption properties and
mechanisms in the removal of anionic dyes (Congo red, CR) and cationic dyes (thioflavin T,
TFT) from aqueous solutions. This study showed that the effect of crystal morphology on
the adsorption performance of the dyes was mainly in terms of the specific surface area,
pore structure, adsorption kinetics, electrostatic interactions, and adsorption selectivity.
MIL-101(Cr) with octahedral structure usually has higher adsorption capacity and stronger
electrostatic interactions due to its larger pore size and pore depth but slower adsorption
rate, whereas nano-MIL-101(Cr) with a spherical structure has faster adsorption rate and
better reusability due to smaller particle size and better dispersion, but the adsorption
capacity may be slightly lower. Therefore, in practical applications, a suitable crystal
morphology of MIL-101(Cr) can be selected according to the nature of the target dyes
and the treatment requirements, which can lead to the preparation of energy-efficient dye
adsorbent materials. Zhao et al. [72] introduced a nano-HP-MIL-101(Cr) synthesized by a
template-free method with a hierarchical porous structure of microporous to mesoporous
to microporous structure (Figure 13a,b), and it was found that the hierarchical porous
structure significantly enhanced the adsorption capacity and catalytic activity of HP-MIL-
101(Cr) for macromolecular dyes. The crystal structure of HP-MIL-101(Cr) was found to
be very similar to that of the original MIL-101(Cr) by characterization, and in addition, a
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columnar structure consisting of tightly aggregated nanocrystals of multiple morphologies
was demonstrated (Figure 13c,d), which formed a macroscopic channel that was very
conducive to adsorption. This study successfully validated the multifaceted tunability of
MIL-101(Cr) and its great potential for development in the field of adsorption.
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synthesis of PET-derived MIL-101(Cr). (b) Adsorption capacity of MIL-101(Cr) toward different
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4.3. Sensing Applications

MIL-101(Cr) has shown a wide range of potential applications in electrochemical,
biological, immunological, and fluorescent sensors due to its unique structure and prop-
erties [127–130]. In humidity sensing, the high specific surface area and porosity enable
MIL-101(Cr) to rapidly adsorb water molecules in the environment, which significantly
increases the proton conduction path and improves the conductivity [131,132]. This prop-
erty makes the sensor very sensitive to humidity changes and able to respond quickly
under low-humidity conditions. Benseghir et al. [133] deposited electrically conductive
MIL-101(Cr) complexed with poly(3,4-ethylenedioxythiophene) (PEDOT) on fork finger
electrodes (IDEs) by an electric field-assisted spatially selective deposition method to en-
hance their conductivity and humidity sensing performance. The results show that electric
field-assisted deposition is more conducive to maximizing the advantages of stability and
hydrophilicity of MIL-101(Cr) as a sensor substrate and, at the same time, enables MIL-
101(Cr) PEDOT to form oriented and aligned nanoparticle chains on the IDE, which, in turn,
markedly improves the conductivity and adsorption area of the material. Together, these
advantages make MIL-101(Cr) an ideal humidity sensing material, providing an important
foundation for the development of high-performance MOF-based sensors.

By adjusting its pore size and surface chemistry, MIL-101(Cr) can achieve selective
recognition of specific ions or molecules and improve the selectivity of the sensor, such as
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its use for the detection of heavy metal ions (lead ion Pb2+, mercury ion Hg2+), biomolecules
(e.g., glucose, DNA), etc., demonstrating high sensitivity and low detection limits [134,135].
Rafea et al. [135] designed a composite material MIL-101(Cr)-(COOH)2@MWCNTs based
on MIL-101(Cr)-(COOH)2 and multi-walled carbon nanotubes (MWCNTs), which was used
as a modified lead-glass carbon electrode (GCE) for the simultaneous detection of (Pb2+),
copper (Cu2+), and mercury (Hg2+)) by an electrochemical sensor (Figure 14a,b). It was
found that the sensor achieved high sensitivity for the detection of these heavy metal ions
by differential pulsed anodic dissolution voltammetry (DPASV) and demonstrated good
potential for application in a variety of real water samples. Keshta et al. [8] synthesized
R-MIL-101(Cr) by recycling PET bottles and Cr6+ wastes and successfully prepared a high-
performance ion-selective electrode for Pb2+ by compositing it with PANI. The PANI@R-
MIL-101(Cr) composite material enables fast, sensitive, and stable Pb2+ detection through
its efficient ion–electron conversion mechanism and excellent structural stability. Its long-
life characteristics are mainly attributed to the high crystallinity and hydrophobicity of
MIL-101(Cr) and the electrical conductivity of PANI, which together enable the sensor to
maintain its high performance over a long period of time (Figure 15a,b).
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stripping of 10 µM Pb, Cu and Hg deposited in 5 g/L HNO3. The deposition time was 60 s at −1.1 V.
The curves show comparative study between MWCNTs, GCE, MOF, and MOF@MWCNTs [135].
Copyright 2024 Elsevier B.V.

The excellent chemical stability and chemical compatibility of MIL-101(Cr) allow it to
be stabilized in biological or chemical environments without inducing significant immune
reactions. Moreover, MIL-101(Cr) prepared by green synthesis method exhibits low toxicity
in the process of use compared to some other MOFs, so there is a great potential for the de-
velopment in the fields of food, biological and chemical sensing, and detection [80,136,137].
Zhang et al. [138] successfully prepared a novel electrochemical biosensing material me-
diated by a MIL-101(Cr) molecular cage anchored on two-dimensional Ti3C2Tx MXene
nanosheets for the detection of xanthine. The composite material combines the advantages
of MXene’s high conductivity and MOF’s high specific surface area, which significantly
enhances the performance of the sensor. This material not only has important application
prospects in biomedical detection (e.g., disease diagnosis) and food industry detection (e.g.,
freshness detection of meat) but also provides a new design idea for the development of
high-performance and low-cost electrochemical biosensors. Haghighi et al. [139] reported a
MIL-101(Cr)-based quartz crystal microbalance sensor for the detection of volatile organic
compounds (VOCs) at room temperature, especially toluene and o-xylene. The sensor
utilized the high specific surface area, porosity, and π-π stacking interactions of MIL-101(Cr)
to enhance the selectivity for aromatic hydrocarbons, and achieved high sensitivity, fast
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response, and low detection limit detection for toluene and o-xylene, which provided a new
idea and methodology for the development of a new type of high-efficiency VOCs sensor.

Chemistry 2025, 7, x FOR PEER REVIEW 28 of 43 
 

 

 

Figure 15.  (a) A schematic representation for the mechanism and intermolecular interactions be-
tween PANI chains and R-MIL-101(Cr) in the PANI@R-MIL-101 (Cr) composite. (b) A schematic 
diagram of the sediments of the three ions in the sample species [8].Copyright 2024 Elsevier B.V. (c) 
A schematic illustration for the syntheses process of g-CdTe/r-CdTe@MIL-101(Cr)@MIP [26]. Copy-
right 2023. Published by Elsevier B.V. 

4.4. Catalytic Applications 

MIL-101(Cr) has a wide range of applications in a number of catalytic reactions due 
to its high porosity and unsaturated metal sites [43,97,145–147]. Tripathi et al. [27] synthe-
sized MIL-101(Cr) catalyst by a simple hydrothermal method and utilized its large specific 
surface area, adjustable porosity, and easy separation from the reaction system to achieve 

Figure 15. (a) A schematic representation for the mechanism and intermolecular interactions between
PANI chains and R-MIL-101(Cr) in the PANI@R-MIL-101(Cr) composite. (b) A schematic diagram of
the sediments of the three ions in the sample species [8]. Copyright 2024 Elsevier B.V. (c) A schematic
illustration for the syntheses process of g-CdTe/r-CdTe@MIL-101(Cr)@MIP [26]. Copyright 2023.
Published by Elsevier B.V.

In the field of fluorescent sensors, the porous structure of MIL-101(Cr) can adsorb
fluorescent molecules or quantum dots to achieve fluorescence burst or enhancement
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through energy transfer or electron transfer mechanisms, thus realizing the detection of
target molecules. Hu et al. [26] prepared a dual-emission fluorescent molecularly imprinted
sensor (g-CdTe/r-CdTe@MIL-101(Cr)@MIP) using MIL-101(Cr) as a support material to
enhance the imprinting sites, which combines the high specific surface area of MIL-101(Cr)
and fluorescence properties of quantum dots to achieve high sensitivity and high protein
selective detection (Figure 15c). In addition, the study innovatively integrated the sensor
with a smartphone to realize portable and rapid detection in the field. This sensor, incorpo-
rating modern technology, provides a promising new approach for future on-site protein
analysis, which is expected to be widely used in the fields of biomedicine, environmental
monitoring, and food safety.

In addition to its excellent performance in the above sensing fields, MIL-101(Cr) also
has great potential for further development in the field of immunosensors and drug carriers.
MIL-101(Cr)’s high specific surface area, adjustable pore size, high stability, and reusability
make it an excellent drug carrier sensor, which can immobilize the antigen or antibody
molecules efficiently and enhance the binding efficiency and stability of antigens and anti-
bodies, thus significantly improving the service life of the immunosensor and reducing the
cost of detection. In addition, MIL-101(Cr) has been studied for the loading and slow release
of drugs such as acetaminophen, progesterone, and ibuprofen, but there are limitations to
its clinical application due to the presence of chromium in the framework [140–144].

4.4. Catalytic Applications

MIL-101(Cr) has a wide range of applications in a number of catalytic reactions due to
its high porosity and unsaturated metal sites [43,97,145–147]. Tripathi et al. [27] synthesized
MIL-101(Cr) catalyst by a simple hydrothermal method and utilized its large specific surface
area, adjustable porosity, and easy separation from the reaction system to achieve the
efficient synthesis of biphenyl and its derivatives. The regeneration ability of the catalyst is
an important characteristic for its practical application, which can significantly reduce the
cost in industrial production. The stability and porous structure of MIL-101(Cr) enabled
the catalytic material to maintain good catalytic activity in five cycles, with yields of 97%,
95%, 93%, 92%, and 86%, respectively, which demonstrated high stability and reusability.
The chromium ions (Cr3+) in pure MIL-101(Cr) can act as Lewis acidic sites to promote the
breaking of carbon–halogen bonds in the reactants and provide active intermediates for
subsequent reactions. It can also activate reactants by forming Lewis acid-base complexes
with carbon atoms in the reactants (especially those adjacent to halogens).

Benefiting from the above advantages, MIL-101(Cr) shows excellent application poten-
tial in catalyzing some specific reactants (e.g., aryl halides or p-hydroxy aryl halides, etc.),
degrading organic pollutants, and catalyzing CO2 photoreduction. However, limited by the
low intrinsic photogenerated carrier complex efficiency and electrical conductivity, their en-
ergy efficiency for single applications in most catalytic fields is poor [148]. Functionalization
modification of its surface or preparation of advantageous and complementary functional
heterocomplexes are the most widely used forms of MIL-101(Cr) in this field [43,91]. For
example, in organic synthesis and electrocatalysis, modified MIL-101(Cr)-functionalized
materials (e.g., MIL-101-SO3H, MIL-101(Cr)-NO2, and MIL-101(Cr)-NH2) exhibit excellent
catalytic activities in reactions such as olefin oxidation, styrene oxidation, esterification,
CO2 cycloaddition, hydroxyalkylation, electrolysis of water, and coupling [38,149–152].
Dharmapriya et al. [91] investigated the catalytic performance of two metal–organic frame-
work (MOF) catalysts, MIL-101(Cr) and MIL-101(Cr)-NH2, in the dehydration of glucose to
5-hydroxymethylfurfural (5-HMF) and revealed the significant enhancement of the catalytic
performance by the NH2 group, which provides a theoretical basis for the design of more
efficient MIL-101(Cr) catalysts (Figure 16a,b). Zhang et al. [153] successfully introduced
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silver nanoparticles (Ag NPs) into the cage-like structure of MIL-101(Cr) using a “dual-
solvent-photoreduction” strategy, in which hydrophobic n-hexane was used as the solvent
instead of pure water. Through the advantageous complementary effect, the stability and
fixed pores of MIL-101(Cr) effectively limited the growth and shedding of Ag NPs, while
Ag NPs with excellent catalytic activity and a unique localized surface plasmon resonance
effect perfectly compensated for the poor electrical conductivity of MIL-101(Cr). Using this
hybridized material as an efficient photocatalyst, the efficiency of the nitrogen reduction
reaction (PNRR) and the stability of the catalyst were significantly improved. This study
not only confirms the development potential of MIL-101(Cr)-based hybrid materials in the
field of catalysis but also successfully demonstrates the superiority of uniformly introduc-
ing functional materials into the interior of MIL-101(Cr) pores compared to the surface
attachment strategy, providing strong inspiration for researchers to further optimize the
synthesis details and schemes of MIL-101-based materials.
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4.5. Other Applications

Apart from separation and adsorption, drug delivery, detection and sensing [80,134],
and catalysis, MIL-101(Cr) shows great potential for applications in other areas such as
mixed-matrix membranes [154] and corrosion inhibitors [155]:

Mixed-matrix membranes (MMMs): MMMs are membranes made from a blend of
two or more different materials, often combining the advantages of organic and inorganic
materials. These membranes show great potential for applications in gas/liquid separation,
catalytic carriers, electrochemical applications, environmental remediation, and pharma-
ceuticals. The performance of hybrid matrix membranes depends on the synergistic effect
of its component materials, and the selectivity and permeability of the membrane can be
optimized by careful design and selection of the materials to meet specific application
requirements.MIL-101(Cr) has a very high specific surface area, which can provide a large
number of active sites for hybrid matrix membranes [156]; its unique multi-microporous
and mesoporous structure allows for its incorporation into polymer matrix as a dispersed
phase conducive to improving the permeability and selectivity of the membrane [157];
most importantly, MIL-101(Cr) has excellent stability and mechanical strength, its most
prominent advantage as a membrane substrate, which can give MMMs excellent environ-
mental adaptability and resistance to chemical attack; and furthermore, MIL-101(Cr) and
its functionalized materials show excellent electrical conductivity in high-temperature and
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high-humidity environments, and its plasmonic conductivity can reach 10−1 S cm−1 at
specific temperatures, which is a plasmonic conductive substrate that has a large potential
for applications in extreme environments [158–160]. Zhao et al. [5] investigated the effect
of different-shape MIL-101(Cr) as a diaphragm material in aqueous zinc ion batteries (AZ-
IBs) on the performance of the batteries (Figure 17a,b). The results show that the hybrid
matrix membrane (MIL-101(Cr)@CNF) prepared by combining spherical MIL-101(Cr) with
cellulose nanofibers (CNF) exhibits significant advantages in enhancing ionic conductivity,
inhibiting the growth of zinc dendrites, and improving the cycling stability of the battery.
The spherical MIL-101(Cr), i.e., M-3, was uniformly dispersed in CNF and filled the irreg-
ular voids between fibers (Figure 17c), and the ionic conductivity of this hybrid matrix
membrane was as high as 7.50 mS/cm, which was significantly higher than that of other
diaphragms. And in the Zn//MnO2 full-cell test, the M-3 diaphragm maintained 83.6%
capacity retention after 400 cycles, with a Coulombic efficiency close to 100% (Figure 17d).
Sun et al. [159] encapsulated polymetallic oxides (POM) and acid-base adducts (HPW-SA)
in MIL-101(Cr) to improve their proton conductivity performance in high-temperature
proton exchange membrane fuel cells. It was found that HPW-SA@MIL-101 exhibited
excellent proton conductivity at high temperatures (160–190 ◦C). Its proton conductivity
reached 1.1 × 10−3 S cm−1 at 190 ◦C, which is higher than most of the reported high-
temperature proton-conducting materials (Figure 18b). And after six heating and cooling
cycle tests, the proton conductivity performance of HPW-SA@MIL-101 did not decrease
significantly, showing good reproducibility and stability (Figure 18c). Devautour-Vinot
et al. [158] optimized the proton-conducting properties of mesoporous MIL-101(Cr) by
introducing sulfonic acid groups and guest molecules (e.g., sulfuric acid) into it, and the re-
sults of the study showed that its performance was significantly enhanced under humidity
conditions, even surpassing the best currently reported proton-conducting MOF materials.
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MOF on the MS surface [92]. Copyright © 2022, Emerald Publishing Limited. (b) A schematic diagram
of the microscopic phase transition of HPW-SA@MIL-101(when the temperature rises to 160 ◦C,
HPW-SA undergoes a phase change inside the MIL-101 Frame, and as the temperature continues
to increase, the fluidity of liquid HPW-SA will increase) and the comparison of the conductivities
of MIL-101, HPW@MIL-101, and HPW-SA@MIL-101. (c) HPW-SA@MIL-101’s anhydrous proton
conductivity diagram of heating and cooling (red: 190 ◦C, blue: 25 ◦C) [159]. Copyright 2022
American Chemical Society.

Environmentally friendly corrosion inhibitors: Carbon steel (MS) is widely used in
petrochemical and other fields due to its low cost and high strength, but it is prone to
corrosion in acidic environments. In order to extend its service life, researchers have
developed a variety of organic corrosion inhibitors, which usually contain heteroatoms
such as oxygen, sulfur, nitrogen, etc., that are able to form a protective layer through charge
interactions with the metal surface. MOF is considered to be an environmentally friendly
corrosion inhibitor material with great potential for development due to its porous nature
and high specific surface area [161–163]. MIL-101(Cr(III)) stands out among many MOFs
due to its excellent thermal and chemical stability, as well as rich functionalizable properties,
and shows a great application value in the field of corrosion prevention [164,165]. Hassan
et al. [92] investigated the performance of aminated MIL-101(Cr(III)) as a corrosion inhibitor
on MS in 1 M hydrochloric acid solution (Figure 18a). The characterization revealed that
the aromatic rings (π-electrons) and the lone pair electrons of heteroatoms (e.g., nitrogen
atoms) in the molecule of MIL-101(Cr(III)) could interact with the iron atoms on the surface
of the carbon steel to form chemical bonds. This chemisorption effectively enhances the
adsorption strength of Cr(III)-MOF on the metal surface, thus improving the corrosion
inhibition effect. In addition, the amino functional group in Cr(III)-MOF is protonated in an
acidic environment, and the positively charged protonated molecules formed can interact
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with negatively charged chloride ions (Cl−) through electrostatic force and adsorb on the
carbon steel surface, forming a physical barrier to prevent corrosive mediums (e.g., H+ and
Cl−) from coming into contact with the metal surface. The synergistic effect of physical and
chemical adsorption allows MIL-101(Cr(III)) to exhibit highly effective corrosion inhibition,
which is especially prominent in acidic environments.

Table 2. Summary of MIL-101(Cr) applications.

Areas of Application Specific Application Manifestations Refs.

Gas adsorption and
separation

Adsorption and separation of
gases such as CO2, H2, CH4,

NH2, Toluene, etc.

The high specific surface area
(4100 m2/g), rich pore structure, and

excellent stability make it have an
excellent adsorption effect on many
gases, especially CO2; its adsorption

capacity can reach 40 mmol/g, which is
37% higher than that of the commonly

used zeolite adsorbent material.

[83,113,166–168]

Dye adsorption and
wastewater purification

Wastewater purification, dye
adsorption treatment for

anionic dyes (e.g., Activated
Red 2, Activated Blue 19, Acid

Blue 92, etc.) and cationic
dyes (thioflavin).

Abundant pore channels make its
adsorption capacity high: Activated

Red 2 (662.87 mg/g), Activated Blue 19
(863.67 mg/g); outstanding chemical
stability makes its cycle regeneration

ability strong, and the regeneration rate
is as high as 90% after many cycles.

[116–121,169]

Energy applications

Catalyzer (photocatalytic
degradation of organic

pollutants, CO2
photoreduction,
photocatalysis,

electrocatalysis, catalysis of
organic synthesis), electrode

material (batteries, capacitors)

The high porosity and unsaturated
metal sites enable it to perform well in
catalytic reactions; the functionalized

modified materials (e.g.,
MIL-101(Cr)-SO3H, MIL-101(Cr)-NH2)
exhibit excellent catalytic activity in a
variety of organic synthesis reactions;

and the composites with the functional
materials can be used to improve the

photo- and electrocatalytic properties.

[43,97,145–147,170–173]

Sensing

Humidity sensors,
electrochemical sensors,

biosensors, immunosensors,
fluorescent sensors

It has been widely used in the field of
sensing, covering a wide range of areas;

its excellent chemical and thermal
stability makes it mostly used in

formaldehyde detection, microcystin
LR detection, 2,4-dinitrophenol

detection, etc., demonstrating good
sensing performance and selectivity.

[26,127–131,133–135,174]

Drug delivery

Loading and extended release
of acetaminophen,

progesterone, ibuprofen, and
other drugs

High specific surface area and
adjustable pore size make it an excellent
drug carrier; excellent chemical stability

and biocompatibility make it very
promising for biomedical applications;

however, clinical applications are
limited by the presence of chromium.

[140–144,174]

Proton conductivity

Plasmonic conductive
materials for

high-temperature and
high-humidity environments

Plasmonic conductivity can reach
10−1 S/cm at specific temperatures; its

conductivity and stability can be
further optimized by chemical
impregnation modification or

composite modification.

[175]
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Table 2. Cont.

Areas of Application Specific Application Manifestations Refs.

Mixed matrix membrane

Improvement of membrane
permeability and selectivity,

treatment of
water contamination

Its excellent chemical stability and
porosity make it an important substrate

for membranes in various fields;
compounding with PVDF, Matrimid,
and other polymers can significantly
improve the mechanical strength and

gas separation performance
of membranes.

[156–160]

Environmentally friendly
corrosion inhibitor

Forms a protective layer on
the surface of carbon steel and

other corrosion-prone
substrates to achieve
corrosion inhibition

The aromatic ring (π-electron) and the
lone pair of electrons of heteroatoms
(e.g., nitrogen atoms) in MIL-101(Cr)

can interact with the iron atoms on the
surface of carbon steel to effectively

play a corrosion inhibition effect; a rich
variety of modification and

modification means can effectively
adjust the chemical properties of the

surface of MIL-101(Cr) to realize highly
efficient directional

corrosion protection.

[92,164,165]

5. Conclusions and Outlook
This review systematically examines the synthetic methods, performance optimization

strategies, and application progress of metal–organic framework material MIL-101(Cr) in
various fields. MIL-101(Cr), with its ultra-high specific surface area, excellent pore structure,
superior stability, and unsaturated Lewis acidic sites, has demonstrated great potential for
applications in gas adsorption and separation, catalysis, dye removal, drug delivery, and so
on. In this paper, we summarize the various synthesis techniques for MIL-101(Cr), includ-
ing the conventional hydrothermal method, microwave-assisted hydrothermal method,
template method, solvothermal method, and mechanochemical synthesis method. Each of
these five methods has its own advantages and disadvantages, and has significant effects
on the morphology, specific surface area, and pore structure of the material [176–178].
According to the specific application requirements as well as the experimental equipment
and conditions, the selection of appropriate synthesis methods is the key to realizing the
innovation of MIL-101(Cr) research and application. By adjusting the additives, component
ratios, and reaction conditions, researchers have successfully realized the precise regulation
of MIL-101(Cr) particle size, morphology, and pore structure. Furthermore, with the con-
tinuous innovation and advancement of physical modification and chemical modification
strategies, the energy efficiency, potential,l and scope of application of MIL-101(Cr)-based
materials are expected to be further expanded. In the future, MIL-101(Cr) is expected to
become an excellent base material for application innovation in many fields and to promote
the breakthrough and development of related technologies.

Although MIL-101(Cr) shows many excellent properties, its large-scale industrial
synthesis and application still face many challenges: (1) Chromium (Cr) may have certain
toxicity and potential carcinogenicity in specific oxidation states and exposure environ-
ments, which can pose certain dangers to ecosystems and human health. In the future,
we should further explore the long-term toxicity effects of MIL-101(Cr) in different envi-
ronments and biological systems and optimize its preparation process to reduce potential
toxicity. (2) Additives commonly used in the synthesis process (e.g., HF, HCl, HNO3, etc.)
not only burden the environment but also increase the cost of large-scale production, so
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the development of greener, more environmentally friendly, and more efficient synthesis
methods will be the focus of the research to promote the scale-up synthesis of MIL-101(Cr).
(3) MIL-101(Cr) production costs determine the development prospects of its large-scale
production, and its production costs are mainly composed of raw materials, solvents, en-
ergy consumption, and equipment investment. It has been shown that the cost of raw
materials accounts for the highest proportion of the total cost, so the selection of low-cost
raw material components is the key to cost reduction. With the use of biological derivative
ligands instead of conventional organic ligands, the long-term cost is expected to drop to
less than USD 10 per kilogram. Selection of novel synthesis methods, such as microwave
and mechanochemical methods, to simplify the process and reduce the use of solvents can
also further reduce production costs. (4) Nevertheless, MIL-101(Cr) has a high specific
surface area and abundant pore channels, but it is still challenging to precisely regulate
the selective permeability and cycling efficiency of its pores. For example, the pore size
may restrict the transport of certain molecules, and achieving such regulation requires
the design of a large number of controlled experiments, which is a time-consuming and
laborious process. Furthermore, due to the inherent defects, the efficiency of MIL-101(Cr)
in applications such as photocatalysis and electrocatalysis still needs to be improved, so
optimizing the existing strategies and developing novel ones are also the key exploratory
directions for realizing large-scale synthesis and applications of MIL-101(Cr) in the future.

In conclusion, in response to the above challenges, future research should focus on
the following directions: first, innovative synthesis techniques to develop more environ-
mentally friendly and low-cost synthesis processes; second, optimization of performance
strategies to enhance the efficiency of its application in the fields of catalysis and separation
through structural design and functionalization modification; and third, the development
of novel composites to make up for the deficiencies of MIL-101(Cr) by combining the advan-
tages of other materials. The potential value of MIL-101(Cr) in the fields of environmental
protection, wastewater treatment, green catalysis, drug delivery, and sustainable develop-
ment has yet to be explored in depth, and promoting its transformation from laboratory
research to practical and commercial applications is a key research direction in the future.
This research direction is not only of practical significance but also highly prospective, and
is expected to bring breakthroughs in related fields.
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