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Unveiling the synergy between plasma
and metal–organic frameworks for
next-generation materials: an overview

Amin Moghaddasfar, a Ghodsi Mohammadi Ziarani, b Rafael Luque *cd and
Alireza Badiei *a

Plasma is a cutting-edge technology that can revolutionize synthesis methods and uniquely develop

next-generation materials compared to conventional methods. The combination of plasma technology

and chemical processes can open new avenues in industrial and environmental applications. This

contribution aims to delve into the advantages of the plasma-assisted technique in the synthesis of

metal–organic frameworks, including its effect on reaction time, morphology, porosity, stability, and

crystallinity. Synergistic effects between plasma and metal–organic frameworks in various application

areas, such as catalysis, chemical conversion, water treatment, and pollution remediation over conven-

tional methods are discussed.

1. Introduction

Metal–organic frameworks (MOFs) have gained large attention
from researchers and scientists due to their high porosity
and activity.1,2 MOFs comprise a new category of solid porous
crystalline materials that assemble into multidimensional per-
iodic lattices with organic linkers, coordination polymers, and
inorganic nodes (clusters or cations).3–5 Due to their particular
features of porosity, large specific surface area, and crystalline
nature, MOFs have emerged as promising materials for various
applications such as catalytic reactions,6 CO2 adsorption,7

chemical conversions,8,9 water/wastewater treatment10,11 and
electrochemical reactions.12,13 According to research, a wide
range of synthesis methods have been used to synthesize MOFs
including solvothermal,14 hydrothermal,15,16 microwave synthesis,17

sonochemical,18,19 and plasma-assisted methods.20 MOFs can be
synthesized with high crystallinity via solvothermal and hydro-
thermal methods. In microwave synthesis, MOFs can be synthesized
within a shorter time. Sonochemical methods can lead to a
significant decrease in crystallization time and homogeneous
nucleation compared to other conventional synthesis methods.
However, conventional synthesis methods typically demand
high energy consumption, complicated processes and long

reaction times.21–26 The two significant limitations of MOFs
synthesis by conventional methods are the time consumption
and water instability. The time consumption synthesis of MOFs
can take more than 1 h (certain types of MOFs can take up to
24 h) to synthesize. In addition, controlling the synthesis
conditions is very difficult on a large scale.27,28 The instability
of MOFs in water can limit the utilization of these materials in
different applications.29,30 Recently, plasma-assisted synthesis
has been widely employed for MOFs synthesis due to its
numerous benefits,31 successfully overcoming most shortcom-
ings related to conventional methods.

The word ‘‘plasma,’’ which was first introduced by William
Crookes, is known as the fourth state of matter and is approxi-
mately composed of positive ions, negative electrons, radicals,
molecules, and highly excited atomic species.32,33 Through the
ionization of neutral gas with sufficient energy, plasma is
generated.34 The gas ionization process occurs through the
collision of electrons with gas atoms or molecules, and by
absorbing energy from the electrons, it can be ionized. Depend-
ing on the type of gas and plasma source, the reactivity of the
secondary species (e.g., active radicals and ions) changes.35–37

Generally, plasma is categorized into low-temperature and
high-temperature plasma (Fig. 1). High-temperature plasma
completely ionizes gas, while low-temperature plasma partially
ionizes gas.38,39 Low-temperature plasma is generally divided
into two groups: non-thermal plasma (NTP) or cold plasma and
thermal plasma. On the one hand, cold plasma is characterized
by a low temperature of gas (Tg) and a high temperature of
electron (Te), and the system is in a non-equilibrium state.
Furthermore, it is found to be a facile, selective effect, fast, and
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environmentally friendly method for synthesizing materials.40–43

On the other hand, thermal plasma exhibits the same gas and
electron temperature and thermal equilibrium state. Thermal
plasma has been mainly used in cleaning technology, coating
techniques, destruction of waste materials, and extractive
metallurgy.44–46 Cold-plasma has been widely used in plasma-
assisted synthesis due to its prone to reactions in room tem-
perature conditions and low energy consumption. NTP operates
at near room temperature and also at atmospheric pressure as
pulsed corona,47 dielectric barrier discharge (DBD),48 corona
discharge,49 and radiofrequency plasma.50

As mentioned above, plasma can serve as an effective alter-
native method for synthesizing materials, specifically MOFs.
In recent years, plasma-assisted synthesis of MOFs has been
increasingly reported, and synergistic effects between MOFs as
catalysts and plasma have been investigated. This review first
aims to discuss the advances in MOF synthesis by plasma and
highlight the effect of plasma on the synthesis time, morphol-
ogy, topology, activity, stability, and porosity of MOFs. The
second part investigates the synergistic effect between MOF
and plasma in catalytic, electrocatalytic, conversion, water treat-
ment, and volatile organic compounds removal applications.

2. Plasma-assisted synthesis of MOFs

The plasma-assisted method is a state-of-the-art technology that
has been used for material synthesis and modifications. This
section focuses on the effects of plasma-assisted methods spe-
cifically concerning the production of a wide variety of MOFs.
The latest method and effects of plasma on MOFs are presented.

2.1. Effects of plasma

Plasma is generated by applying high energy such as electrical
energy in the gaseous, which can separate gas into the ionic
species and free active radicals. These secondary active species
can prepare a suitable condition for the synthesis of materials.

The stability limitation of MOFs in the aqueous media has
been ultimate to be a significant problem for these substances.
Accordingly, NTP/cold plasma synthesis has been suggested to
solve the problem. Karimzadeh et al.52 reported a one-pot cold
plasma Co-MOF–rGO nanocomposite synthesis under ambient
conditions (Fig. 2). In this study, the Co-MOF–rGO nanocom-
posite was prepared by a DBD cold plasma device (300 mm in
length with a 14.5 mm inner diameter, powered by an alternat-
ing current (AC) power supply of 130 W at 14 kHz). The
obtained results showed that the plasma synthesis method
could produce a more porous 3D nanostructure and modify
the morphological structure. Furthermore, the layered regular-
ity of Co-MOF became better when the voltage of the plasma
was increased.

Kanno and co-workers53 reported the synthesis of MOF
(HKUST-1) containing Cu(I) in liquid-contacting gas-phase
DBD plasma. The plasma-assisted method was compared with
conventional heating (CH) and room temperature (RT) synth-
esis methods. This study included in situ treatment by plasma
through the synthesis, which was also MOF activated. The
results showed that the plasma-based synthesis of HKUST-1
(PL-HKUST-1) had phase-pure formation compared with con-
ventional methods. HKUST-1 with high water stability and
higher Cu(I) content could be obtained in the plasma-assisted
method compared with conventional synthesis methods.
To evaluate the resistance of HKUST-1 in water, it was immersed
in water at ambient conditions for 12 h. After plunging, the
morphology of RT-HKUST-1 and CH-HKUST-1 were thread-like,
suggesting HKUST-1 decomposition. On the other hand, the
morphology and size of PL-HKUST-1 remained the same after
water immersion. PL-HKUST-1 was more water resistant than
other conventional methods and could retain a high surface area
after immersion in water. Several factors were considered for the
PL-HKUST-1 water resistivity compared to other methods. First,
the higher Cu(I) content of PL-HKUST-1. Second, HKUST-1 was
treated with oxygen (O2) plasma, which inhibited water molecules
adsorption. The adsorption of O2 on the state of the open metal

Fig. 1 Schematic of the plasma classification. Reproduced from ref. 51 with permission from RSC, copyright 2024.
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site (OMS) through plasma treatment inhibited the water adsorp-
tion in the HKUST-1 structure. Another factor was the possibility
of adsorption of some radicals such as O, OH, and CH on the
OMS, which resulted in high water resistance of PL-HKUST-1,
exhibiting good stability against degradation in water (Fig. 3).

Kan et al.54 have disclosed a solution-phase synthesis using
plasma to prevent defect formation in pure CPO-8-BPY mem-
branes. In this work, CPO-8-BPY was prepared by DBD plasma
(operated at 9.28 kV and 24.66 kHz). The results demonstrated
that the plasma-assisted method simplified the deprotonation
in the H2aip linker, resulting in a smaller particle size and more
uniform CPO-8-BPY. The XRD results indicated no significant

difference between CPO-8-BPY synthesized in present and absent
plasma environments. Additionally, SEM analysis revealed that
the particle size distribution of as-prepared MOF with DBD
plasma was narrower than that of MOF prepared without the
plasma method. Karpov et al.55 reported the use of low-pressure
arc discharge plasma to synthesize nanopowder MOF structures
based on Cu, with TEM illustrating that nanopowders were
almost spherical particles and highly agglomerated with a mean
size distribution of 13nm. Therefore, the high surface energy of
the particles was understood. Sadakiyo et al.56 employed the arc
plasma deposition (APD) method to synthesize MOF composites
loaded with metal nanoparticles (NPs). In this study, a wide range

Fig. 3 Comparison of water resistance of different synthesis techniques before and after immersion in water (conventional heating method
(CH-HKUST-1), room temperature (RT-HKUST-1), and plasma-assisted method (PL-HKUST-1)). Reproduced from ref. 53 with permission from RSC,
copyright 2021.

Fig. 2 MOF composites synthesis process schematic by DBD plasma reactor. Reproduced from ref. 52 with permission from Nature Portfolio, copyright
2023.
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of M/MOFs such as MIL-101, ZIF-8, UiO-66-NH2, and Zn-MOF-7
as a support for various transition metal NPs such as Ru, Pd, and
Pt were prepared by APD. It was mentioned that the deposited
metal atoms had a similar size approximately 2 nm on the
crystals of MOFs. Li et al.57 have utilized the plasma-assisted
method to synthesize Ce-MIL-88B(Fe) with electron-rich coordi-
nated unsaturated metal sites (CUSs). Polyethylene terephthalate
waste was used to synthesize Ce-doped MIL-88B(Fe) in the DBD
plasma reactor. It was mentioned that introducing Ce substitu-
tion in Fe-MOFs altered the structure and created structural
defects. The addition of Ce regulated the ratio of Fe ions and
led to the formation of electron-rich CUSs. Tao et al.58 have
investigated Fe-based MOFs (Fe-MOFs). The Fe-MOFs were suc-
cessfully synthesized utilizing the DBD plasma reactor, and the
different molar ratios of trimesic acid (TA) per Fe were investi-
gated. The results exhibited that the plasma-assisted synthesis of
Fe-MOFs had some advantages, including high specific surface
area, more iron-based active sites, stable crystal structure, and
high pore size. In another paper, Tao et al.59 have explored the
effect of a broad range of discharge voltages (11.6 kV, 15.6 kV,
18 kV, and 20.8 kV) and discharge times (70 min up to 110 min)
on Fe-based MOFs prepared by the DBD. The results confirmed
that discharge voltage and time affect the size, crystallinity, and
morphology of the as-synthesized iron-based metal–organic fra-
meworks (Fig. 4). The XRD results indicated that by increasing
the discharge voltage and time, broader and lower-intensity
diffraction peaks of the samples could be obtained. Therefore,
different particle sizes and crystallization could be obtained by
increasing the discharge voltage and time, and this study men-
tioned that at 100 min discharge time and 18 kV discharge
voltage, Fe-MOFs seemed to have a more uniform and regular
structure.

Tang et al.60 disclosed the preparation of bimetallic Fe/Ce-
MOFs series with low-crystalline structures. Fe/Ce-MOFs were
prepared using the DBD plasma method. The results indicated
that low-crystalline Fe/Ce-MOFs had abundant oxygen defects
and rich active sites. In this study, Fe/Ce-MOFs with variant Fe/
Ce molar ratios and Ce-MOFs were prepared. The SEM analysis
of the samples illustrated that the Fe/Ce-MOFs exhibited a

structure resembling a flower, and the Ce-MOFs were rod-like
structures. Therefore, the Ce-MOFs morphology changed
remarkably with the introduction of Fe into the structure. Jiang
et al.61 have reported literature about tunable and facile
construction of MOFs in DBD. In this work, the preparation
of fine-tuned and diverse MOFs-based composites and MOFs in
either ethanol or dimethylformamide (DMF) was proposed by
an energy-saving, fast (up to 1 min) and green strategy based on
the DBD technique. The results illustrated that the electrons
and DMF� generated by DBD could enhance the organic linkers
deprotonation. Moreover, the produced protons from the
deprotonation of the organic linkers were consumed by the
production of either DMCA or H2 (Fig. 5). With this proposed
mechanism, the MOFs were synthesized by rapid kinetic,
energy saving, green, and fast method compared to other
conventional methods. In addition to all prepared MOFs, the
crystals are characterized by high thermostability and high
active surface area. It is noteworthy that in the liquid plasma
synthesis method, the efficiency of the produced crystals, size,
and morphology could be fine-tuned simply by controlling the
synthesis processes, such as current (A), voltage (V), and time of
reaction. Therefore, the appropriate energy for MOFs nuclea-
tion and crystal growth has often been derived from the
electrical work applied by the electrons. Table 1 illustrates a
comparison of synthesis time and active surface area of MOFs
between the plasma-assisted method and conventional meth-
ods. With some adjustment of the conditions, (1) with higher
electrical work regardless of the control of the current, voltage,
and time, the crystal size was increased, or the crystallinity was
improved; (2) with similar electrical work over current, voltage
or time, crystallinity or crystals of similar size should be
prepared; (3) with the electrical work which did not clearly
reduce with the concentration of the reactant, the synthesis
yield increased even when it was increased by 100 times.

Metal oxide (MO)/MOFs composites (MO@Fe/Ce-MOFs)
were prepared using the DBD plasma-assisted method.66

The results illustrated distinct nanosheet-like structures for
MO@Fe/Ce-MOFs. Hou et al.67 disclosed the rapid preparation
of lanthanide MOFs (Eu (BTB) MOFs) in DBD liquid plasma.

Fig. 4 Schematic preparation of MOFs by DBD plasma technique and effect of time and voltage on morphology uniformity. Reproduced from ref. 59
with permission from RSC, copyright 2019.
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The proposed DBD synthesis possesses a fast preparation (within
20 min), excellent stability, and ease in simple operation and
gentle conditions (ambient pressure and temperature) com-
pared with other conventional synthesis methods. The results
confirmed that the as-synthesis MOFs were endowed with
great thermostability, uniform morphology, and excellent
crystallinity. According to the characteristic results, Eu (BTB)
MOFs appear to have a stick structure (a size between 10 and
20 mm) and a high specific surface area (446 m2 g�1). Wen and
co-workers68 have reported the plasma-assisted formation
and in situ monitoring of three types of Ln MOFs, Tb (BDC),
Eu (BTC), and Tb (BTC), ranging from variant organic ligand
and metal center. In this study, the DBD synthesis method
was innovatively integrated with cost-effective luminescence
spectral monitoring technology to synthesize and in situ char-
acterize the formation of MOFs. The SEM result indicated that
the Ln-BDC synthesized by the plasma-assisted method had a
2D sheet-like framework, while Ln-BTC was a 1D ribbon-like
molecular motif structure, so the split amplitude of Ln (BTC)
was sharper than that of Ln (BDC).

2.2. Post-synthesis treatment

The plasma environment can facilitate the modification and
treatment of materials. In this regard, Wu and colleagues69

synthesis Fe-based MOF (MIL-100) which underwent post-
synthetic treatment using glow discharge plasma (P-MIL-100)
in an Ar atmosphere, generated by a high-voltage AC source,
to enhance the removal of organic contaminants such as Rhod-
amine B and tetracycline. XRD analysis indicated that the
diffraction peaks for P-MIL-100 became sharper and narrower
after treatment. Furthermore, P-MIL-100 exhibited significantly
greater pore size, pore volume, and specific surface area
compared to the untreated MOF, resulting in improved perfor-
mance in pollutant removal applications. Hou et al.70 repre-
sented that Ar plasma post-synthesis treatment was applied to a
titanium-based MOF (MUV-10) to manipulate the quantity of
defects by varying the intensity and duration of the treatment
for oxidative desulfurization purposes (Fig. 6). According to
the result, this approach did not alter the crystal size or mor-
phology. Notably, the defective MUV-10 treated for 5 minutes
under 50 kV plasma demonstrated the highest concentration

Fig. 5 Schematic of the DMCA preparation from DMF� generated by the DBD-catalyzed MOFs preparation in DBD liquid plasma. Reproduced from ref.
61 with permission from RSC, copyright 2019.

Table 1 Comparison of synthesis time and active surface area of MOFs between plasma-assisted method and conventional methods

Conventional methods Plasma

MOF type Methods Reaction time (min) Surface area (m2 g�1) Ref. Reaction time (min) Surface area (m2 g�1) Ref.

MOF-5 Solvothermal 1440 839.6 62 30 1832 61
HKUST-1 Microwave 20 1405 63 1 1680 61
ZIF-8 Sonochemical 60 1249 64 1 1400 61
UiO-66 Solvothermal 4320 1358 65 10 966 61

Fig. 6 Schematic of the synthesis of MUV-10 and the formation of defects during plasma treatment. Reproduced from ref. 70 with permission from
Elsevier, copyright 2024.
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of defects, leading to superior performance in its intended
application.

The limited water and thermal stability of MOFs often pose
challenges for their catalysis applications, primarily due to the
role of the OMSs. The strong affinity between water molecules
(H2O) and OMSs can lead to catalyst deactivation and reduce
hydrothermal stability when these materials are exposed to
moisture. In this context, NTP treatment is a promising candi-
date that can address these limitations. Bae et al.71 reported
that O2 plasma treatment is a novel method for activating and
protecting the porosity of HKUST-1 when exposed to moisture.
According to the results, this treatment was effective in pre-
venting the clogging of the H2O in the pores of the MOF (Fig. 7).
The O2 plasma acts as reactive ligands that remove coordinated
H2O and hinder the coordination of more H2O to the unsatu-
rated metal centers. This delay in pore-clogging occurs during
exposure to moisture. A study by Xu72 reported a practical study
of a packed bed cold-plasma-activated water–gas shift reaction
(WGSR) using HKUST-1. The results indicated that NTP-
induced H2O dissociation in a plasma environment generates
OH that facilitate the WGSR and help prevent the water-
induced HKUST-1 decomposition, thereby enhancing its stabi-
lity. The O2 plasma was effective at removing the coordinated
H2O from HKUST-1; however, the highly oxidative nature of O2

plasma also caused damage to the MOF. In contrast, results
indicated that ambient argon NTP successfully activated the as-
synthesized MOF by dissociating the chemisorbed H2O from
the OMS while preserving its porous structure. An infrared
vibrational spectroscopic investigation of plasma-treated MOF
confirmed the removal of H2O that were bonded to the OMSs.
The NTP treatment had a minimal effect on the pore charac-
teristics, but it improved the bulk crystallinity of the resulting
plasma-treated MOF compared to the pristine sample. This
treatment not only facilitates the reaction by OH but also
enhances the stability and activity of plasma-treated MOF.

According to the above literature results, the plasma-
assisted synthesis method is an excellent alternative to conven-
tional synthesis methods and a promising technique for
synthesizing different types of MOFs. This synthesis method

is environmentally friendly and easy to prepare. In addition,
with this method, the morphology, porosity, crystallinity,
stability, time of synthesis, etc., can be easily controlled.
In comparison to conventional methods, plasma could reduce
the synthesis time to less than an hour, and by adjusting
the plasma voltage and gas composition, the morphology and
porosity of the MOFs could be controlled. Therefore, the
plasma-assisted method is a powerful method for synthesizing
a broad spectrum of next-generation materials, specifically
MOFs. The plasma-assisted synthesis method, similar to other
conventional synthesis techniques, encounters several chal-
lenges such as reactor design, optimization of voltage and
frequency, and gas composition. Addressing these challenges
will require further research and theoretical studies. However,
advancements in artificial intelligence and machine learning
in the future could help solve these issues.

2.3. Comparison of DBD plasma-assisted MOF synthesis
mechanism with hydrothermal method

The theoretical and practical aspects of the nucleation and
crystal growth process of the DBD plasma-assisted MOFs
synthesis method have been developed by scientists. In hydro-
thermal, as a conventional synthesis method, the heat increases
with time, so the concentration of precursors reaches a certain
level. At this point, crystals nucleate on dust particles or near
the reactor walls.73,74 However, in the DBD plasma-assisted
method, a wide range of micro-discharge channels contain
photons, active neutral particles, and charged particles that
have been uniformly profiled on the surface of the solution
film. The energy of the charged particles can be several
electron volts (and the temperature in the channels is hun-
dreds of Kelvin) due to the strong influence of the electric field.
When these particles collide with the solvent, their energy
is released, forming several localized superheat spots on
the solution film surface. These superheat spots induced the
reaction to form a precursor at atmospheric pressure and room
temperature. Therefore, the precursor concentration increased
with circulation, leading to nucleation growth and higher
yields.75

Fig. 7 Proposed O2 plasma treatment mechanism of pore activation and protection. Reproduced from ref. 71 with permission from RSC, copyright 2017.
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3. Synergistic effect between plasma
and MOFs

Metal–organic frameworks have remarkable properties such as
high specific surface area, porosity, etc., making MOFs excel-
lent candidates for use as catalysts and solid sorbents in a wide
variety of applications.76–78 Plasma methods can create mild
conditions with active species to enhance the rate of
reactions.79 Therefore, the combination of plasma and MOFs
can result in a synergistic effect that improves the performance
of chemical processes. In the context of MOF and plasma,
synergy refers to the surplus effect of combining the MOF as
a catalyst with plasma for use in specific applications. The
effect of using MOF and plasma together is higher than the
sum of their individual effects.80,81 It is noteworthy that a
synergistic effect does not always happen. In some cases,
plasma catalytic applications may perform worse than a plasma
reactor that is either empty or contains only support packing.
Therefore, it is essential to identify the appropriate combina-
tions of reaction parameters and catalyst materials.

In this section, the synergistic effect between plasma and
MOFs in a wide range of fields is presented. Furthermore, the
advantages and potentials of the synergistic effect in catalysis
applications, chemical conversion, water treatment, and pollu-
tion remediation are evaluated.

3.1. Catalytic applications

In the past few years, plasma methods combined with MOFs
have been increasingly reported. According to the research,
plasma and MOFs have demonstrated an excellent synergistic
effect in various applications. Xu et al.82 have reported catalytic
decomposition of NO2 over a Cu/MFM-300(Al) by NTP. In this

literature, a wide range of catalysts (catalysts supported by
MFM-300(Al), g-Al2O3, and ZSM-5) and only plasma were used
for NO2 decomposition. The result revealed that the Cu/MFM-
300(Al) + plasma could successfully decompose NO2 directly
into N2O, NO, O2, and N2 without the utilization of other
reducing agents (Fig. 8). In addition, Cu/MFM-300(Al) simulta-
neously exhibited high N2 selectivity and conversion under
plasma condition.

The energetic electrons produced by the plasma require
appropriate energy to activate or motivate the catalysts. The
electron–hole pairs (e�/h+) were generated by introducing ener-
getic electrons into the catalysts. This is called pseudo-
photocatalytic behavior.83,84 Chen et al.85 have studied the
plasma-catalytic hybrid system. The DBD reactor with dual
dielectric coaxial with a discharge length (DL) of 200 mm and
discharge gap (DG) of 3.5 mm was used, which was evaluated to
pseudo-photocatalyst the decomposition of ethyl acetate (EA) and
nitrogen oxide (NO) simultaneously. In this work, CeO2, ZnGa2O4,
and Ce/ZnGa2O4/NH2-UiO-66 were used as catalysts and the
catalytic performances were examined. The decomposition result
revealed that Ce/ZnGa2O4/NH2-UiO-66 had the best performance
compared to other catalysts. At the specific input energy (SIE) of
392 J L�1, the EA and NO removal efficiencies were 96.21% and
100%, respectively. Thanks to the characteristics of the plasma-
MOF catalysis system, such as the design of suitable catalysts and
potential conditioning, it is a promising pathway to improve the
degradation of NOx and EA.

3.2. CO2 and CH4 utilization

Carbon capture, utilisation, and storage (CCUS) technology is
one of most the promising technologies and plays a critical role
in achieving net-zero emissions.86–88 Carbon dioxide (CO2) can

Fig. 8 Comparison of NO2 selectivities and conversions over different catalysts and plasma only at the NTP conditions. Reproduced from ref. 82 with
permission from Elsevier, copyright 2021.
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be transferred into various valuable products such as specialty
chemicals, fuels, hydrocarbons, etc.89–91 Recently, the hydro-
genation of CO2 to ethanol has attracted scientific attention.
However, the CO2 hydrogenation has some limitations.92,93

On the one hand, according to eqn (1), the CO2 hydrogenation
to ethanol is almost an exothermic process (lowering the
process temperature is thermodynamically favorable). On the
other hand, high temperatures (upper 300 1C) are needed to
convert and activate CO2 molecules effectively. These incompa-
tible requirements posed a massive challenge to the direct
preparation of ethanol (C2H6O) from CO2 via conventional
thermal catalysis. In this regard, the non-thermal plasma-
catalysis technique is superior to conventional thermal systems
by virtue of the low-temperature requirement, selectivity, and
energy efficiency of the system.94–98

CO2 þ 4H2 ! CH4 þ 2H2O DrH
�
298 K ¼ �165 kJ mol�1 (1)

Zou et al.99 have studied the direct carbon dioxide hydro-
genation to C2H6O under room conditions. The Cu(I)-HKUST
catalyst was used in the DBD plasma reactor featuring a DL of
50 mm and DG of 3 mm. In addition, ethanol was selectively
synthesized for the selective CO2 conversion into C2H6O by
plasma Cu(I)-HKUST catalyst (Fig. 9). The result indicated that
Cu(I)-HKUST-17.5 was the best-performing catalyst, achieving
41.2% CO2 transformation and 62.9% C2H6O selectivity for 2 h
at 35 1C and atmospheric pressure.

Chen and co-workers100 have explored the catalytic hydro-
genation of CO2 with 15Ni/UiO-66 under DBD plasma condi-
tions where the gap and length discharge of the plasma reactor
were 1.5 mm and 10 mm, respectively (Fig. 10). They mentioned
that the DBD plasma catalysis system had approximately two-
fold improved performance compared with the conventional
conversion method such as thermal catalysis. Fig. 11 indicates

the performance comparison of thermally activated and the
DBD plasma-activated catalytic carbon dioxide hydrogenation
over the 15Ni/UiO-66. According to the result, the catalyst
continuous-flow DBD plasma catalysis has high catalytic activity
(TOF = 1.8 � 0.02 s�1) compared with the conventional thermal
method (TOF = 1.0 � 0.06 s�1). Furthermore, the stability test
result confirmed that the DBD plasma catalysis was stable for
approximately 20 h on stream; however, the decreasing of the
catalytic performance (after 20 h TOS, CO2 transformation
decreased by about 5%) was examined under the thermal system
at 380 1C (Fig. 11). Therefore, the plasma-catalytic conversion
outperformed other techniques and represented the highest
methane selectivity and carbon dioxide conversion at approxi-
mately 99% and 85%, respectively.

Xu et al.101 have studied the plasma-catalysis carbon dioxide
conversion over Ru@UiO-66. The result of DBD plasma-
catalysis conversion (the DG and DL are 25 mm and 2.5 mm,
with a sinusoidal peak-to-peak voltage of 19.2 kV) indicated that
CH4 selectivity and CO2 conversion over Ru@UiO-66 reached
95.4% and 72.2%, respectively. LI et al.102 have reported the
plasma-assisted Co/Zr-MOF catalysis of the hydrogenation of
CO2 with an atmospheric-pressure non-thermal plasma system
powered by 13 kV at 7.1 kHz (the DG was 2 mm, with inner and
outer diameters of 8 mm and 10 mm, respectively). In this
research, Co/Zr-MOF-M and Co/Zr-MOF-N catalysts were used
for CO2 conversion. The obtained results indicated that Co/Zr-
MOF-M had a good synergy effect with atmospheric-pressure
non-thermal plasma, reaching 58.9% and 94.7% for carbon
dioxide conversion and methane selectivity, respectively. Xu et al.103

have reported the atmospheric-pressure DBD plasma-assisted
Ru/UiO-66 catalyst for hydrogenating CO2 to CH4. The CO2

hydrogenation results indicated that CH4 was selectively
synthesized under the synergy effect between the plasma
and Ru/Zr-MOF catalyst, and the yield of CH4 and selectivity

Fig. 9 The plasma-assisted ethanol synthesis mechanism on the as-synthesized catalyst. Reproduced from ref. 99 with permission from RSC, copyright
2023.
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reached 39.1% and 94.6%, respectively. This study showed that
the active species such as CO2, CO, OH, Ha, CH, and C for
the hydrogenation of CO2 were confirmed by in situ optical
emission spectra (OES) of plasma with Zr-MOF, plasma with
Ru/Zr-MOF, and pure plasma. Li et al.104 studied the catalysis
of CO2 hydrogenation using plasma-assisted Co/Zr-MOF-M
and Co/Zr-MOF-N. The catalytic performance as-prepared
MOFs was investigated by placing 0.30 g of MOFs into an
atmospheric-pressure NTP quartz system, which operated at
13.0 kV and 7.1 kHz, with inner and outer diameters of 8 mm
and 10 mm, respectively. The results indicated a strong syner-
gistic effect between Co/Zr-MOF-M and NTP. At 13.0 W dis-
charge power, with a volumetric ratio of H2 and CO2 of 4 : 1 and
a gas flow rate of 30 mL min�1, the conversion of CO2 reached
58.9%, while the selectivity for CH4 was an impressive 94.7%.
In contrast, Co/Zr-MOF-N under the same NTP conditions
achieved only a CO2 conversion of 24.8% and a CH4 selectivity
of 9.8%.

After CO2, CH4 is the most prevalent greenhouse gas (GHG)
emitted by human activities. Due to the stabilization of CH4

and CO2 concentrations in the atmosphere, their storage and
conversion have been considered a promising method to
reverse or stop the anthropogenic effects of CO2 and CH4

emissions. CH4 has a higher global warming potential (GWP)
than CO2 because it can react with NOx and is the cause of
tropospheric ozone pollution.105–109 For this purpose, a variety
of conventional methods, such as thermal catalytic conversion,
have been developed. However, CH4 thermal catalytic conver-
sion suffers from a wide range of challenges, such as the high
temperature required for the thermal activation of CH4, the
prevention of high single-pass product yields, and the inability to
achieve high selectivities and conversions simultaneously.110–113

To overcome these challenges, cold O2 plasma is a promising

candidate for thermal catalytic conversion that is very effective
for the activation of CH4. In the NTP, high-energy electrons are
accelerated by an electrical field and collide with neutral gas
atoms or molecules. These collisions cause their bonds to break,
producing highly active ions and free radicals. The cold plasma
does not cause a considerable increase in the temperature of the
bulk gas because the mass of the electrons is extremely small
(o10�30 kg). It is worth noting that while the Te can reach
104–105 K, the Tg remains close to room temperature. The non-
equilibrium properties of NTP show promise for activating
thermodynamically limited reactions at room temperature, such
as CH4 oxidation and CO2 hydrogenation.114–118 In this regard,
Gorky et al.119 have studied the synergistic effect between MOF-
177 and DBD plasma for methane conversion. In this study, the
feasibility of desorption of the gases adsorbed on the catalyst
surface employing helium plasma in the gentle pulse mode was
also investigated. For the preparation of methane, oxygen and
carbon dioxide were used as oxidants respectively in the
presence of MOF-177. The result indicated that the maximum
conversion obtained when using the CH4 + O2 system (flow ratio
of CH4 : O2 of 5 : 1) was 23.5%, and the methanol selectivity was
17.65%.

According to research, the plasma-assisted non-oxidative
methane coupling indicated that in the NTP system, the energy
of electrons plays a critical role in the selectivity, and the
hydrocarbon ionization level depends on the power input.
Concretely, a low power of the electron (lower than 6 eV) favors
the formation of C2H6 and C3H8, while a high energy of the
electron (higher than 13 eV) favors the selective generation of
C2H2. Therefore, in a DBD system where the power of the
electrons is 5–10 eV, C2H6 is the dominant hydrocarbon
produced.120–122 Vakili et al.123 have studied the DBD plasma-
assisted catalytic dry reforming of CH4 over UiO-67. In this
literature, DBD plasma-catalysis increased the conversion of
CO2 and CH4 by about 10% and 18%, respectively, compared to
the pure plasma mode. This study confirmed that the intensity
of the current pulses was increased by placing as-prepared MOF
pellets in the discharge zone, indicating improved plasma
generation (i.e., enhanced discharge). The enhancement
plasma generation by MOFs in the DBD system can be imputed
to (i) the highly porous structure of MOFs, which leads to the
maintenance of filamentary micro-discharges, and (ii) the high
specific surface area of UiO-67, which leads to the surface
discharges formation on MOFs.

The syngas (H2/CO) production in mild reaction conditions
from carbon dioxide and water presents a promising alternative
to traditional chemical engineering technologies of coal-based.
However, challenges arise due to the unfavorable H2O splitting
pathways, the CO2 molecules inert nature, and the limitations
of existing catalysts. These factors hinder the effective integra-
tion of high CO2 conversion efficiency with the production
of H2/CO that has controllable H2/CO ratios across a broad
range.124 Han et al.125 have reported on an efficient and
innovative DBD plasma-driven catalytic system that utilizes a
high-voltage AC source with peak-to-peak voltage for the mild
production of pure syngas from CO2 and H2O. This process

Fig. 10 (a) Schematic of DBD reactor and (b) photograph for the plasma-
catalytic hydrogenation of CO2. Reproduced from ref. 100 with permission
from John Wiley and Sons, copyright 2019.
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uses porous Cu–BTC catalysts, which are rich in confined H2O
molecules. The production capacity of syngas is regulated by
the in situ generation of ligand defects and plasma-activated
intermediate species from CO2. According to the result, the
plasma not only facilitates the formation of ligand defects but
also promotes structural evolution in the Cu–BTC catalyst
throughout the reaction process (Fig. 12). This leads to the
creation of more coordinated unsaturated metal sites, which
serve as catalytically active centers with optimal coordination
environments. Consequently, this catalyst system achieves a
CO2 conversion rate of 61.9% and produces pure syngas with a
broad range of H2/CO ratios from 0.05 : 1 to 4.3 : 1.

3.3. NH3 synthesis

Ammonia (NH3) is well known as the one of the essential
chemicals in modern human society. Plasma-assisted ammonia
synthesis (PAAS) offers a method for producing NH3 by utilizing
highly energetic, electronically excited N2 and H2 radicals at

atmospheric pressure and low temperatures. This process is
considered a sustainable and promising alternative to the
traditional Haber–Bosch process, which relies on iron-based
catalysts and operates under high temperatures (400–600 1C)
and high pressures (150–350 atm). PAAS has the potential to
exclusively utilize green energy sources like wind power and
solar, enabling green, decentralized, and remarkable NH3

production. However, the conventional catalysts used in PAAS
face challenges, including poor stability, low efficiency, and
limited cyclability.126,127 In this regard, Liu et al.128 have
reported a bimetallic Co–Ni/MOF-74 catalyst for the synthesis
of NH3 in packed-bed DBD plasma (a 40 kV peak-to-peak,
40 kHz AC sinusoidal power supply was utilized, with an
80 mm DL and a 2 mm DG). In this study, a new MOF-74-
supported bimetallic catalyst was developed for the synthesis of
NH3 from H2 and N2 in the DBD plasma at ambient conditions.
A stainless steel rod served as the high-voltage electrode,
connected to a mid-frequency AC sinusoidal source operating

Fig. 11 Performance comparison of catalytic hydrogenation of CO2 over the 15Ni/UiO-66 catalyst with thermal and NTP activation: (a) conversion of
CO2 and (b) selectivity of CH4 for thermal activation, and (c) TOF amount of CO2 conversion. The as-synthesized catalyst stability study for catalytic
hydrogenation of CO2 by thermal (380 1C) and NTP (6.5 kV) activation: (d) conversion of CO2, (e) selectivity of CO and CH4. Reproduced from ref. 100
with permission from John Wiley and Sons, copyright 2019.
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at a peak-to-peak voltage of 40 kV and a frequency of 40 kHz.
A bed of 0.5 grams of Co–Ni/MOF-74 was positioned between
the stainless steel rod and the quartz tube. The synergistic
effect between Co–Ni/MOF-74 and NTP resulted in the highest
NH3 synthesis rate of 2608.70 mmol g�1 h�1 at 200 1C, with a
volumetric ratio of N2 to H2 of 1 : 1 and a specific energy input
of 33.27 kJ L�1. According to the result, Co–Ni/MOF-74 catalyst
+ plasma indicated a higher rate of NH3 synthesis and energy
efficiency than Co–Ni/Al2O3 and Co–Ni/MCM-41 catalysts.
Furthermore, the catalyst activity utilized for the NH3 prepara-
tion was in the order of plasma only o Al2O3 o Co–Ni/Al2O3 o
Co–Ni/MCM-41o Co–Ni/MOF-74. Therefore, plasma + Co–Ni/
MOF-74 have a good synergistic effect for NH3 synthesis. Jing
and co-workers129 have demonstrated a one-step synthesis of
Ni–Co bimetallic MOFs by the hydrothermal synthesis method
for the synthesis of NH3 in the NTP environment. The DBD
plasma reactor utilized in this study includes a corundum tube
that measures 480 mm in length, with inner and outer dia-
meters of 10 mm and 15 mm, respectively. A stainless-steel rod,
5 mm in diameter and 300 mm long, serves as the high-voltage
electrode and is connected to a high-voltage power supply. For
the PAAS process, a catalyst powder weighing 100 mg was
utilized. The Ni–Co-MOF demonstrated notably improved per-
formance of PAAS, achieving a rate of 88.21 mmol g�1 min�1

more than a 30% increase compared to 5 wt% Ni/Al2O3 catalyst.
Its high stability under harsh electric field conditions allows it
to maintain durable performance for 36 hours and exhibit
excellent cyclability over 24 cycles. The results indicate that,
for the as-synthesized MOF, gas flows through the interstices of
its near-spherical structure, which features a wide spectrum of
interconnected pores that reduce diffusion barriers. As a result,
the Ni–Co MOF demonstrates superior capabilities in gas
transportation, allowing a wide range of radicals to participate
in plasma atmosphere reactions within the small discharge
gaps of the MOF particles. This facilitates the large number of
radicals reaching the active sites, thereby enhancing the PAAS

effectiveness. Furthermore, the bimetals’ synergistic effect
leads to further improvement in the plasma discharge perfor-
mance of the as-prepared MOF and improvement in the
adsorption and desorption behavior of intermediates on the
catalyst surface. Song et al.130 reported that Ni-MOF-74 demon-
strates efficient catalytic performance for PAAS in pulsed DBD
plasma. The experimental conditions included a peak pulse
voltage of 16 kV, a pulse repetition frequency of 6 kHz, a rising
edge of 100 ns, a falling edge of 100 ns, a pulse width of 100 ns,
a total gas flow rate of 200 mL min�1, and a N2–H2 volume ratio
of 1 : 1. A total of 0.2 g of the prepared catalyst samples was
packed between two layers of quartz wool inside the reactor and
was uniformly dispersed in a discharge gap of 2 mm with a
length of 80 mm in the DBD plasma reactor. The plasma-
catalytic synthesis rate of NH3 reached up to 41.38 mmol g�1 h�1,
with N2 conversion rate of 1.54%. This resulted in an energy
yield of 3.04 g kW h�1, significantly increasing the NH3 syn-
thesis rate by 28.46 times, the nitrogen conversion rate by
5.7 times, and the energy yield by 5.5 times compared to
plasma-only conditions. Xu et al.131 published an article exam-
ining the synergistic effect of the Ni-MOF-74 catalyst and
nanosecond pulsed coaxial DBD plasma on the production of
PAAS. The plasma was operated at a pulse repetition frequency
of 6 kHz, with a voltage of 16 kV, a rising edge of 100 ns,
a falling edge of 100 ns, and a pulse width of 100 ns. In the
experiment, 0.5 g of the Ni-MOF-74 was placed in the discharge
area between the stainless steel rod and the quartz tube (with
an outer reactor diameter of 12 mm and a wall thickness of
1 mm). Quartz wool was positioned on both sides of the
discharge zone to keep the catalyst in place and prevent it from
being expelled. The results demonstrated that the highest NH3

synthesis rate achieved was 5145.16 mmol g�1 h�1, with an
energy efficiency of 1.27 g kW h�1, when using the Ni-MOF-74
catalyst and N2 to H2 ratio of 1 : 1. This rate was 3.7 times higher
than that obtained with plasma alone. A comparison of the
performance of catalysts in the PAAS, as presented in Table 2.

Fig. 12 Schematic of CO2 hydrogenation via DBD plasma and the introduction of defects in MOFs after the plasma catalytic process. Reproduced from
ref. 125 with permission from John Wiley and Sons, copyright 2024.
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3.4. Water treatment

Drinking water is a crucial chemical in entire aspect of exis-
tence, being one of the introducing characteristics of the Earth.
Approximately 97.5% of the water in oceans, only 1% of the
water that is drinking water and accessible to use.137,138 In the
last decades, with the rapid development of industry, water
pollution has become a significant concern for governments
and scientists. In addition, sweet water scarcity is a critical
challenge to the sustainable development of human civiliza-
tion. Therefore, a broad range of technologies has been devel-
oped to remove water pollution.139 The traditional approaches,
such as membrane separation,140 ozonation,141 adsorption,142

Fenton process,143 photocatalytic,144 etc., have been created.
However, these technologies have critical drawbacks in terms of
degradation efficiency. The plasma co-catalytic system has
emerged as a promising water treatment technology and has
attracted the attention of scientists due to its simple operation,
high efficiency, and no secondary pollutants. NTP is capable
of generating highly active species, including high-energy
electrons, ultraviolet (UV), H2O2, �OH, and O3, which are highly
reactive to react with a wide range of target hazardous pollu-
tants.145,146 Huang and co-workers147 have reported enhanced
degradation of norfloxacin (NOR) in water using a magnetically
separable MOF-derived Co@C composite in a DBD plasma
environment. According to results, the as-prepared catalyst
achieved 84.7% decomposition of NOR within 25 minutes. This
performance is 14.1% more effective and 10 minutes faster
than that of the plasma system alone, with a synergistic factor
estimated to be 1.12.

The advantages of using NTP catalytic water treatment
include the absence of external oxidants, no need for tempera-
ture adjustments, and the provision of a highly efficient pro-
cess. However, certain plasma technologies face significant
limitations for large-scale applications due to their costs and
high gas consumption. On the other hand, some MOFs can be
stable in specific pH environments, limiting their maximum
potential for water treatment.

3.5. Volatile organic compounds removal

The remediation of volatile organic compounds (VOCs) is
crucial for controlling air pollution, as these toxic substances
serve as primary precursors for PM2.5 and regional ozone
pollution. Among VOCs, toluene stands out as one of the most
significant and widely used industrial chemicals. High levels of

toluene emissions can lead to serious ecological harm, high-
lighting the importance of its removal.148 A wide range of
techniques has been employed for VOC degradation, but NTP
technology is recognized as an environmentally friendly, effec-
tive, and novel approach to pollution remediation and control.
NTP can initiate both chemical and physical reactions at
ambient temperatures, breaking down VOCs into non-toxic
byproducts such as CO2 and H2O.149 In the NTP process, the
utilized gas is ionized by collisions of electrons into other forms
of gas atoms while releasing free-charged species such as
hydroxyl radicals (�OH), singlet oxygen (1O2), superoxides
(�O2

�), and electrons (e�). According to research, the proposed
mechanism for eliminating pollutants is as follows:150,151

e�* + O2 - �O + �O + e� (2)

e�* + N2 - �N + �N + e� (3)

e�* + H2O - �OH + �H + e� (4)

�N + O2 - NO + �O (5)

�O + O2 - O3 (6)

O3 + �OH - �HO2 + O2 (7)

�HO2 + �H - H2O2 (8)

O3 + H2O - 2�OH + O2 (9)

2�OH - H2O2 (10)

Xu and co-workers152 studied NTP synergistic CoxNiy-MOF-
74 for the removal of toluene. The result indicated that NTP-
Co2Ni3-MOF outperformed NTP-Ni-MOF and NTP-Co-MOF in
terms of degradation performance (showed the degradation
rate of toluene 78% at 11.66 W discharge power). Rong and co-
workers153 have reported the synergistic catalytic degradation
of toluene using NTP and Mn/Ce-based bimetal-organic frame-
works (MCDx). According to the results, MCD6 (Mn : Ce = 6 : 1
(molar ratio)) exhibited a good catalytic decomposition of
toluene and stability, indicating toluene catalytic efficiency of
95.2%. Li and co-workers154 explored the DBD plasma syner-
gistic TiO2@ZIF-8 catalyst for the simultaneous elimination
of ozone and toluene (charge gap distance of 2 mm, with a
peak voltage and frequency range of 4–18 kV and 6–11 kHz,
respectively). The results revealed that the toluene conversion
efficiency, COx selectivity, and O3 decomposition efficiency
were attained at 93.57%, 76.38%, and 99.22%, respectively, by

Table 2 Comparison of the performance of catalysts in the PAAS

Method
Catalyst
type

Catalyst
weight (g)

N2/H2 molar
ratio

Flow rate
(mL min�1)

Discharge
power (W)

SEI (kJ L�1)
energy yield

Energy yield
(g kW h�1) Ref.

AC DBD Co-Ni/MOF-74 0.5 1 : 1 100 34.57 33.27 0.72 128
Pulsed DBD Ni-MOF-74 0.2 1 : 1 200 45.61 13.68 3.04 130
Pulsed DBD Ni-MOF-74 0.5 1 : 1 200 35.7 10.5 1.27 131
RF DBD Ni-MOF-74 0.2 1 : 4 20 300 90 0.23 132
AC DBD Ni/Al2O3 2.0 1 : 2 56 25.1 26.8 0.29 133
AC DBD Co–Ni/Al2O3 2.0 1 : 1 200 30.81 9.24 0.83 134
AC DBD Ru/AC 0.2 1 : 1 100 9 5.4 0.63 135
AC DBD La(OH)3 0.1 1 : 3 25 13 31.2 2.91 136
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TiO2@ZIF-8 in the NTP-catalysis system. The degradation of
pollutants by NTP/cold plasma alone is a homogeneous direct
reaction between pollutants and widely active free radicals and
high-energy electrons excited by NTP in a gas-phase environ-
ment. However, the NTP co-catalyst system improves the gas–
solid inhomogeneous reaction method on the surface of the
catalyst and shows an excellent synergy effect.

As seen above, the combination of MOFs and plasma has
excellent synergistic effects in various applications, increasing
the reaction rate and product yield in a short time. However,
the industrialization of plasma processes is challenging and
requires a long path to be followed. For instance, the lack of
theories of plasma processes is a major problem that should be
solved first.

4. Conclusions

Plasma, as the fourth state of matter, is a promising technology
for use in the synthesis, functionalization, and treatment of a
broad range of materials, including organic and inorganic
compounds. Beyond conventional methods, plasma offers
individual advantages for the synthesis of MOFs, resulting in
materials with uniform morphology, excellent crystallinity,
high porosity, and high stability in water. The simultaneous
use of plasma and MOF can lead to synergistic effects and
advantages in various applications, thereby improving the
performance of the processes, particularly in catalytic applica-
tions, chemical conversion, and pollution remediation. It is
noteworthy that the synergistic effects observed with MOFs are
not limited to this class of compounds but extend to a broad
spectrum of materials science. Plasma has the potential to
revolutionize materials synthesis, and its combination with
the next generation of materials may yield synergistic effects
that pave the way for innovative developments across various
scientific disciplines. However, there are still many points to
address and challenges to solve in the use of plasma technology
and MOFs. One primary concern is that the NTP process is
complex, involving a combination of disciplines such as ther-
modynamics, physics, chemistry, and materials science.
Plasma is unable to form within the pores of catalyst supports
that are usually smaller than 100 nm. This limitation arises
from the insufficient free pathway for accelerating electrons in
the electric field; the required free pathway is on the order of
micrometers.155 This is crucial for plasma catalysis applications
because catalyst particles in these small pores will not directly
interact with the plasma. Consequently, plasma active species
can only reach these particles through diffusion. The extent to
which plasma species can penetrate into the pores will depend
on their lifetime and diffusion coefficient. Another significant
challenge is the lack of in situ characterization techniques,
which makes it difficult to analyze the process in real-time.
In addition, optimizing reactor parameters and designs to
create a synergistic effect between plasma and MOFs presents
a crucial challenge that must be tackled. Furthermore, the
limited understanding of the mechanisms behind plasma

synthesis of MOFs and the scaling process represents vital
areas for future research. Nonetheless, the laboratory perfor-
mance of plasma-assisted MOFs has shown promise, suggest-
ing commercial viability, but significant work remains before
they can be industrialized.
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Almeida Paz, Metal–Organic Frameworks, 2018, pp. 57–80,
DOI: 10.1002/9783527809097.ch3.

24 N. Stock and S. Biswas, Chem. Rev., 2012, 112, 933–969.
25 M. Safaei, M. M. Foroughi, N. Ebrahimpoor, S. Jahani,

A. Omidi and M. Khatami, TrAC, Trends Anal. Chem., 2019,
118, 401–425.

26 M. Rubio-Martinez, C. Avci-Camur, A. W. Thornton, I. Imaz,
D. Maspoch and M. R. Hill, Chem. Soc. Rev., 2017, 46,
3453–3480.

27 Q. He, F. Zhan, H. Wang, W. Xu, H. Wang and L. Chen,
Mater. Today Sustain., 2022, 17, 100104.

28 A. Al Obeidli, H. Ben Salah, M. Al Murisi and R. Sabouni,
Int. J. Hydrogen Energy, 2022, 47, 2561–2593.

29 B. Liu, K. Vikrant, K.-H. Kim, V. Kumar and S. K. Kailasa,
Environ. Sci.: Nano, 2020, 7, 1319–1347.

30 Z. Yu, X. Cao, S. Wang, H. Cui, C. Li and G. Zhu, Water, Air,
Soil Pollut., 2021, 232, 18.

31 Q. Wei, S. Xue, W. Wu, S. Liu, S. Li, C. Zhang and S. Jiang,
Chem. Rec., 2023, 23, e202200263.

32 C. Ma, A. Nikiforov, D. Hegemann, N. De Geyter, R. Morent
and K. Ostrikov, Int. Mater. Rev., 2023, 68, 82–119.

33 I. Adamovich, S. Agarwal, E. Ahedo, L. L. Alves, S. Baalrud,
N. Babaeva, A. Bogaerts, A. Bourdon, P. J. Bruggeman,
C. Canal, E. H. Choi, S. Coulombe, Z. Donkó, D. B.
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