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ABSTRACT

Metal organic frameworks (MOFs) are a kind of promising materials in many applications, while the fast
and controllable synthesis of MOFs is still challenging. Here, taking HKUST-1 as illustration, a micro-
plasma electrochemistry (MIPEC) strategy was developed to accelerate the synthesis process of MOFs
with micro-plasma acting as cathode. Treating the HKUST-1 precursor solution with micro-plasma
cathode could not only transfer the electrons into the solution leading to the deprotonation effect, but
also generate radical species to trigger and accelerate the nucleation and growth of MOFs at the plasma-
liquid interface. Thus, uniform and nanosize MOFs could be prepared within minutes. The obtained MOFs
show similar excellent uranium adsorption properties compared with those obtained by other method,
with a highly adsorption capability of uranium with 550 mg/g in minutes. The novel MIPEC strategy
developed in this work provides an alternative for controllable synthesis of MOFs, and especially has
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potential application in accelerating traditional organic synthesis.
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Since its discovery, metal organic frameworks (MOFs) have
attracted tremendous attraction because of their fascinating
properties, such as porous nanostructure and high surface area
[1]. As there are growing application of MOFs to many areas such as
gas storage/separation [2], catalysis [3], sensing [4] and waste
disposal [5], the fast and scale-up synthesis of MOFs has always
been an important issue [6]. In past decades, many artist methods
such as conventional electric heating [7], microwave heating [8],
electrochemistry [9], mechanochemistry [10] and ultrasonic
method [11], have been employed for MOFs synthesis. Among
the different synthesis strategy, the electrochemistry seems to
have potential application in scale-up fast production [7]. As early
as 2005, BASF firstly created the electrochemistry synthesis
methods achieving ability of production HKUST-1 by 5.1 g with
about 6.4 g A" h™! current efficiency [12]. From that time, many
literatures have modified the electrochemistry synthesis method
[9,13,14], however the current efficiency has no significant
advance. Fast and energy efficient synthetic method is still highly
required.

Microplasma electrochemistry has attracted increasing atten-
tion, especially in the field of materials synthesis [15-17]. The
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charge transfers and plasma neutral reactions at the plasma-liquid
interface provide a unique environment for chemical reactions
[18-20]. Compared with the conventional solid electrode, the
microplasma has three special characters: (i) As a kind of electrode,
microplasma could carry the charges into solution and induce
electrochemical reactions in a controllable manner; (ii) Micro-
plasma is a gas-state electrode which means the electrode
interface is real-time renewable and the electrolysis product
would not attach on its surface; (iii) There are plenty of gaseous
high energy species in the plasma that could induce plasma-
chemical reaction. Up to now, most of the reports on the
application of microplasma are focused on the preparation of
metal nanoparticles, by utilizing the first two properties, electron
transfer and renewable interface.

Recently, our group has expanded the application of micro-
plasma to accelerating the synthesis of organic nanomaterials at
room temperature by utilizing all three characters, and we name
this microplasma electrochemistry based method as MIPEC
strategy. It is found that the microplasma anode could accelerate
the condensation reaction of citric acid and ethanediamine to form
fluorescent carbon nanodots, while either platinum anode or the
microplasma cathode could not induce the reaction [21]. Another
example is the application of MIPEC on accelerating the
polymerization of dopamine. The microplasma cathode could
provide OH™ from electrolysis of water and species with oxidative
activity from plasma-chemical reaction, both of which could
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induce the polymerization of dopamine. The synergistic effect
result in one of the fastest polymerization method [22]. While on
the microplasma anode, fluorescent polydopamine nanoparticles
could be obtained due to the co-existence of inductive effect of
species with oxidative activity as well as inhibition effect of H"
from electrolysis [23]. These works have shown the potential of
MIPEC for its application in materials synthesis.

Herein, we developed a microplasma electrochemistry (MIPEC)
strategy for fast and controllable synthesis of MOFs. HKUST-1, one
of the most commonly used MOFs, was selected as the model MOF
for testing the MIPEC method. Briefly, Cu(NOs), and 1,3,5-
benzenetricarboxylic acid were dissolved in N,N-dimethylforma-
mide (DMF) and transferred into an ‘H’ type reaction equipment
(Fig. 1a). The precursor solution was treated with microplasma
cathode for 15 min with a discharge current of 10 mA. Plenty of
blue precipitate was obtained in the reaction solution, while, for
comparison, there was very little product if only standing for more
than 3 months (Fig. 1b).

The obtained product (experiment details in Supporting
information) was first analysed with powder X-ray diffraction
(XRD) (Fig. 2a). The experimental pattern fitted well with the
reported pattern of HKUST-1 [24], confirming the formation of
HKUST-1. No obvious noise peaks were detected, indicating no
other impure crystals were synthesized in the reaction. The
HKUST-1 crystals could also be seen on the scanning electron
microscope (SEM) images (Fig. 2b). The specific pore volume and
surface area of the products were determined by nitrogen
physisorption after washing with ethanol. The prepared HKUST-
1 had shown a specific surface area as high as 673 m?/g. The
presence of a hysteresis loop at relative high pressure in the
nitrogen adsorption/desorption analysis indicated the existence of
mesoporous structures. The calculated average mesoporous
diameter by Barrett-Joyner-Halenda method (BJH) method was
about 1.8nm and mesopore distribution was in a wide range
(Fig. 2¢). The thermal analysis of HKUST-1 had shown apparently
two weight losses stage (Fig. 2d). The weight loss at first stage was
about 100 °C, which was ascribed to the departure of the water or
the ethanol inside the pore. The second one started at about 300 °C,
relating to the decomposition of the trimesic acid. These results
suggested that HKUST-1 was successfully prepared by the MIPEC
method.

To understand the growth process of the HKUST-1 with the
MIPEC method, the influence of discharge time, current and raw
materials concentration were studied. Firstly, a HKUST-1
precursor solution at 2 N concentration (precursor concentration
prepared by dissolving Cu(NOs),-3H,O (2.44¢g) and 1,3,5-
benzenetricarboxylic acid (1.16 g) in DMF (100 mL) was defined
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Fig. 2. Characterization of HKUST-1 prepared by microplasma. (a) Powder XRD
pattern. (b) SEM image. (c) Nitrogen physisorption curve. (d) Thermogravimetric
analysis.

as 1N concentration) was treated by the microplasma cathode
with different discharge time. As shown in Fig. 3a, the weight of
prepared HKUST-1 increased linearly with reaction time within
30min and then achieved an equilibrium state. For a lower
concentration (1 N), a similar trend was obtained but it needed a
longer time (60 min) to achieve the equilibrium state. The results
showed that, with the same discharge current, a higher raw
materials concentration could result in a faster production rate. It
was also noticed that the production rate become a little bit
slower with the increase of time, which might be caused by the
decreasing of raw materials concentrations along with reaction
process. To figure that out, four different raw materials
concentrations, 0.25N, 0.5N, 0.75N and 1N, were chosen and
the discharge time was shortened to 30 min to give less influence
on the concentration change within the whole reaction time. The
results showed that more products could be obtained with a
higher raw materials concentration (Fig. 3b). Then, the precursor
solution at 1N concentration was treated by microplasma
cathode with different discharge currents and the same
discharge time (10 min). As expected, higher discharge currents
resulted in more product (Fig. 3¢). These results above indicated
that the MIPEC method could be used for fast synthesis of
HKUST-1 and the production rate could be adjusted by the
discharge current and raw materials concentration.

To compare the production speed and efficiency at different
reaction conditions, according to the literatures, space-time yield
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Fig. 1. (a) Schematic of preparing HKUST-1 with the atmospheric-pressure microplasma cathode electrode and Pt anode electrode. (b) Left: Precursor solution treated with
microplasma at 10 mA for 15 min. Right: Precursor solution without treatment after 3 months.
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Fig. 3. (a) Relationship between collected MOFs weight and time when microplasma as cathode and Pt as anode. The yellow line means the 1 normalized concentration and
the green line means 2 normalized concentration. (b) The relationship between production weight of MOFs and raw materials solution concentration with a constant current
of 10 mA. (c) The relationship between production weight and discharge current when the raw materials concentration kept same. (d) The space-time yield of MOFs with

MIPEC method at different raw materials concentration and discharge current.
was defined and calculated as follow.

production weight

space — time yields = — 8 -
P y time:(volume of the reaction mixture)

As shown in Fig. 3d, with the same discharge current at 10 mA,
the space-time yield increased with the raw materials concentra-
tion from 96kgm—>d~! (at 0.25N concentration) to
1070kgm>3d~! (at 2N concentration). While with the same
raw materials concentration (1 N), the obtaining space-time yield
increased with current from 178kgm >d~' (at 7.5mA) to
1326 kgm—>3d~! (at 15mA). This space-time yield of this MIPEC
method is much higher than that of commonly used solvent
thermal method, which is usually below 300kgm>3d~'. By
increasing the discharge current and raw materials concentration
and coupling this method with flow synthesis, space-time yield
could be further improved for practical application.

The MIPEC method has two advantages than conventional
electrochemical method. Firstly, the MIPEC method has much
higher current efficiency than conventional electrochemical
method, in which generation of OH™ on the cathode would
cause ligand deprotonation and induce the MOFs nucleation
and growth process. Supposing all the prepared MOFs were
induced by the electrochemical effect, when the current was
10 mA for 30 min, the calculated weight of MOFs should be
0.036 g, while it was much less than the actual production
weight (0.23 g) by MIPEC method (Supporting information).
The calculated current efficiency of MIPEC is about
46¢g A~'h™!, which is about 7 times current efficiency of
electrochemistry method. Secondly, different from that in the
conventional method the growth of MOFs directly occurred on
the solid electrode surface, the prepared MOFs with the MIPEC
method would precipitate and leave away from the plasma-
solution reaction interface in a relative short time, making
MIPEC has potential for continuous production with flow
synthesis.

In view of the high space-time yield and higher current
efficiency, we assume the synthesis process was mainly attributed
by the integrated MIPEC impact, which means electrochemical
affect (deprotonation mainly induced by the free electrons in the
microplasma) and neutral reaction (mainly induced by the high

energy species in the microplasma) both attribute to the synthesis
process of MOFs.

In our hypothesis, the whole MOFs synthesis process is
considered to compose of two steps: Nucleation and growth.
When the microplasma was ignited, the plasma would bring plenty
of free electrons and high energy species to the interface between
plasma and solution, inducing the activation of ligands and metal
ions for polymerization and resulting in a rapid nucleation process
in this area (Fig. 4a). The formed nucleuses and activated raw
materials then diffused to the diffusion area for further growth.
Once away from the nucleation and diffusion area, without enough
activated raw materials, the growth process was ended and the
MOFs nanoparticles would sediment to the bottom. The hypothesis
was testified by the size distribution of prepared MOFs. As the
nucleation process mainly happening in the nucleation area and
the grown process mainly happening in the diffusion area, larger
discharge currents could induce more nucleuses without
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Fig. 4. (a) lllustration of synthesis process induced by MIPECT impact, the red area
means the nucleation area, the yellow area means the diffusion area and the blue
area means the bulk solution. Relationship between size distribution of prepared
MOFs and (b) discharge current, and (c) solution concentration.
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Fig. 5. (a) Impact of initial pH on uranium adsorption. Co,(U) = 100 mg/L, Cadsorbent =
0.25¢g/L and time = 120 min. (b) Effect of contact time on the U(VI) adsorption
property of the HKUST-1 adsorbent. Co(U) = 100 mg/L, Cagsorbent = 0.25 g/L and
pH=4.

increasing the particles size (Fig. 4b). While a higher concentration
of raw materials in the diffusion area would result in more
adequately growth of the particles and a larger size (Fig. 4c).

The MIPEC prepared MOFs were further employed for rapid
adsorption of uranium in aqueous solution to test their properties.
Uranium is a valuable raw material for nuclear power plants as well
as a toxic radioactive element, it is crucial to develop a simple
method for the rapid adsorption of uranium in the waste water
produced during the mining and processing progress [25]. To avoid
the impact from pH, pH 4 was chosen for adsorption experiment
(Fig. 5a). As shown in Fig. 5b, the uptake amount of U(VI) increased
sharply in a few minutes. After about 10 min, the adsorption
process reached equilibration, and the adsorption capacity could
be as much as 550 mg/g, suggesting an ultrafast adsorption kinetics
and high adsorption capacity of HKUST-1.

To sum up, a microplasma electrochemistry (MIPEC) strategy
was developed to accelerate the synthesis process of MOFs with
microplasma acting as cathode. The strategy provides a potential
alternative for fast scale-up production of MOFs, achieving a high
space-time yield and high current efficiency. The obtained MOFs
showed similar excellent uranium adsorption properties compared
to those obtained by other method. Especially, inspired by this
work and our group’s former papers about accelerating synthesis
process of organic materials, the new strategy also may offer a
choice for accelerating conventional organic materials synthesis.
Future efforts would be focused on studying the mechanism of the
method, expanding production scale, and extending the method to
more MOFs.
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