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Abstract: The mechanochemical synthesis of metal-organic framework Cusz(BTC), was conducted
with various amounts of water—ethanol liquid added prior to grinding. Using the XRD, SEM and
Ny sorption results, an attempt was made to explain the mechanisms by which liquid may affect the
formation of Cuz(BTC); and its porosity in the grinding process. The experimental results show that
microporosity is controlled by the degree of crystallinity of Cuz(BTC); structures. Within the range
of liquid-assisted grinding (LAG), it is found that an increase in the amount of liquid in grinding
leads to a larger microporosity in Cuz(BTC),. The formation of mesoporosity and macroporosity
is determined by two competing events in LAG: particle breakage and its agglomeration. When
the addition of liquid leads to particle breakage over its agglomeration as the dominant event in
LAG, it results in smaller Cuz(BTC), particles, and the network space of these particles constitutes
mesoporosity and macroporosity. When the addition of liquid gives rise to particle agglomeration
as the dominant event, however, most of this network space collapses so that mesoporosity and
macroporosity in the Cuz(BTC), samples diminish significantly.

Keywords: metal-organic framework; Cuz(BTC),; liquid-assisted grinding; porosity formation
mechanism

1. Introduction

Metal-organic frameworks (MOFs) are a new class of porous architectures. In recent
years, MOFs have emerged as one type of the most promising materials for adsorption-
based applications, such as gas storage and wastewater treatment, thanks to their diverse
pore structures and large surface areas [1-3]. Most MOFs are conventionally synthesized
by using a solvothermal method. This method, however, is neither time- nor energy-
efficient as it typically needs many hours or even days for the reaction to complete, during
which process heat must be constantly introduced until the end of the reaction. Moreover,
the solvothermal method raises environmental concerns since it often involves the use
of an organic solvent in large amounts, which could be environmentally problematic.
Therefore, it is desirable to find a more efficient and environmentally friendlier method to
synthesize MOFs.

The mechanochemical synthesis of MOFs has recently drawn much attention, since it not
only involves a shorter reaction time but also avoids the use of a large amount of solvent [4-7].
As a result, it offers promising solutions to several disadvantages that are associated with the
solvothermal method, as mentioned above. Cuz(BTC), [8-10], MILs [11-14] and ZIFs [15-17]
are among the groups of MOFs that have been successfully prepared by using this approach.

It is a well-known fact of MOF-formation reactions that synthetic conditions of all
types of methods greatly influence the final products. In some cases, a small change in
those conditions may result in the formation of MOFs with different structures and thus
different properties. It is, therefore, essential that synthetic conditions for a given MOF
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be optimized in order to achieve its desirable properties. For example, Chui et al. [18]
first reported the synthesis of Cuz(BTC), (named HKUST-1) by a solvothermal method
at 180 °C, but the products presented a low BET surface area of 692 m?/g due to the
formation of a significant amount of CuO that was caused by the high reaction temperature.
Subsequent reports from various studies [19,20] show that a lower reaction temperature,
along with other improved synthetic conditions, could lead to higher purity and greater
surface areas of the reaction products. In terms of the mechanochemical synthesis of
Cuz(BTC),, a quantitative yield of this MOF was successfully reported at first with neat
grinding (NG) [21]. It was thereafter found that liquid-assisted grinding (LAG), in which
there is the presence of a small amount of liquid, either internal or external, in grinding,
could greatly enhance the reaction rate as well as the crystallinity of the products [8-10,22].
As a result, LAG leads to a higher yield and larger surface areas of Cuz(BTC);, which in
turn improves its adsorption-related properties, e.g., Hy, CO, gas storage [8,23], removal
of heavy metal ions from wastewater [24] and drug delivery [25]. Similar results were
also reported for the mechanochemical synthesis of other MOFs [12,15,26]. In many of
those studies, tedious trial-and-error work had been performed to optimize the synthetic
conditions, whereby an attempt was made to produce the target MOFE. Understanding
the mechanisms by which the key synthetic parameters affect the formation of MOFs is a
challenging but critical issue because gaining such insight would facilitate the synthesis of
MOFs of various interests. For mechanochemical synthesis, however, there are currently
only a few systematic investigations into this area. For LAG in particular, so far, there
have been a very limited number of studies to address the questions of how and why the
liquid additive affects the synthesis products [22,26-29]. Furthermore, their results are not
conclusive, and therefore, further investigation is still warranted.

In a previous study [8], we determined the effects of certain synthetic parameters,
namely the nature of the starting materials and the presence of liquid and grinding time,
on the mechanochemical synthesis of Cuz(BTC),. The results demonstrate that the pres-
ence of an internal liquid in reactants (water of hydration) or the addition of an external
liquid prior to grinding could lead to increased surface areas (739 m?/g, BET) and larger
hydrogen adsorption (1.31 wt.%, at 1 bar and —196 °C) of Cu3(BTC), than those without
any liquid involved in grinding (21 m?/g and 0.06 wt.%, respectively). In this paper,
an extended study was conducted to examine the roles that external liquid plays in the
mechanochemical synthesis of Cuz(BTC),, with a particular focus on the amount of liquid
added prior to grinding. More importantly, efforts were made to provide an understanding
of the mechanisms by which such factors may affect the formation of Cuz(BTC), and its
porosity. Based on these findings, we demonstrated that a practical strategy for LAG could
be established to synthesize Cu3(BTC), with a desirable porosity for adsorption-based
applications, such as Hj storage.

2. Materials and Methods
2.1. Synthesis Procedures

Anhydrous copper(Il) acetate, Cu(OAc), (98%) and 1,3,5-benzenetricarboxylic acid,
H3BTC (95%) were obtained from Sigma Aldrich and used as precursor materials without
further purification. SPEX 8000 M Mixer Mill (SPEX SamplePrep LLC, Metuchen, NJ, USA)
was employed to carry out the mechanochemical synthesis of Cuz(BTC),. In a typical
synthesis routine, adapted from our previous study [8], 6.0 mmol of Cu(OAc), (1.090 g)
and 4.0 mmol of H3BTC (0.840 g) were weighed and filled in a 25 mL stainless steel vial
and then ground for 10 min. The ball to powder ratio was set at 10:1. Prior to grinding, a
pre-set amount of ethanol (EtOH, >99.5%) and deionized water (H,O) mixture with a 1:1
volume ratio was added. The as-synthesized samples were dried in the air overnight and
then stored for further tests.



Sustainability 2022, 14, 9150 3of 15

2.2. Characterization Methods

The powder X-ray diffraction patterns were collected with a Panalytical X'Pert Pro
MPD Analytical X-ray Diffractometer (Model PW3040 Pro; Malvern Panalytical Ltd.,
Malvern, UK) using copper K« radiation. The Micromeritics ASAP 2020 (Micromeritics,
Norcross, GA, USA) was used to measure the nitrogen adsorption/desorption isotherms of
the samples at a liquid nitrogen temperature (—196 °C), from which the specific surface
areas and the pore volumes of the samples were calculated. Prior to the measurement, the
samples were degassed under vacuum at 200 °C for 12 h. Multipoint BET calculations
were performed at a relative pressure P/Pj in the range of 0.05-0.30. The total pore volume
and micropore volume were derived from the N, adsorption isotherms at P/Py = 0.99 and
P/Py = 0.40, respectively. The H, adsorption capacity was measured at —196 °C up to 850
mmHg (~1.13 bar) by using the Micromeritics ASAP 2020 (Micromeritics, Norcross, GA,
USA). The scanning electron microscopy (SEM) images were collected from a Hitachi 54500
field emission microscope at 5 kV (Hitachi High Technologies America Inc., Schaumburg,
IL, USA).

3. Results and Discussion
3.1. XRD Analysis

In an attempt to understand how the amount of the external liquid affects the
mechanochemical synthesis of Cuz(BTC),, a mixture of ethanol and deionized water,
ranging from 0 uL to 1500 puL, was added to the solid reactants prior to being ground
for 10 min. To compare with similar studies [9,20,22], the ratio of the liquid volume to
the mass of the reactants, as defined by n [27], was calculated and varied from 0 pL/mg
to 0.777 uL/mg in the current study, as shown in Table 1. Anhydrous Cu(OAc); rather
than hydrated Cu(OAc),-H,O, which is commonly used as the metal salt in most
of the published studies, was chosen in order to exclude the influence of internal
liquid—water from hydration on the reaction products.

Table 1. Summary of mechanochemical synthesis conditions of Cuz(BTC), with a different amount
of liquid and their textural properties.

Pore Volume

Liquid Liquid/Reactant Crystallite ~ BET Specific (cm®/g) H, Uptake
Type of Grinding Amount Ratio, n Size Surface at —196°C
(uL) (uL/mg) (nm) Areas (m?/g) Total Pores Microspores Micro/Total and 1 Bar
(P/Py=0.99)  (P/Py = 0.40) Ratio (wt%)

NG 0 0 N/A 21 0.05 0.01 0.21 0.06

50 0.0259 20 315 0.26 0.13 0.50 0.60

100 0.0518 21 417 0.34 0.18 0.53 0.78

B.D.*
200 0.104 23 441 0.33 0.18 0.55 0.79
LAG

400 0.207 34 739 047 0.29 0.62 1.31

AD 800 0.415 38 821 0.37 0.33 0.89 1.38

o 1000 0518 38 851 038 0.34 0.89 1.44

Slurry 1500 0.777 30 621 0.35 0.25 0.71 1.16

* B.D.—Breakage Dominant; A.D.—Agglomeration Dominant.

Figure 1 includes the XRD patterns for the initial reactants and the final products with
various amounts of liquid (the liquid is always referred to as the external one from this
point, unless noted otherwise). For the sample without any liquid added (NG), its XRD
pattern (labeled as “None”) shows very broad peaks, indicating that the products after
the NG process are mainly amorphous phases. Based on the locations of the characteristic
peaks in the XRD patterns, coupled with the FT-IR results from our previous study [8], it
can be confirmed that the products in this sample contain Cusz(BTC),, though they have a
low degree of crystallinity. Unreacted H3BTC also likely exists in this sample after grinding
because the peak at 20 = 24.6° in its XRD pattern overlaps with the strongest peak of H3BTC
near this location, indicative of the aforementioned possibility. As shown by the other XRD
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patterns in Figure 1, the samples with liquid added prior to grinding (LAG) have much
more defined and narrower peaks, which is a clear indication of a much higher degree of
crystallinity. The three pronounced peaks located at 20 = 11.9°, 13.8° and 19.4° in these
XRD patterns are consistent with those reported for Cusz(BTC), [9,10,18], which confirms
the successful formation of crystalline Cuz(BTC), by LAG. It is also noted that among all
the samples being studied, the one with 1000 uL of liquid shows the highest intensity for
the strongest peak at 20 = 11.9°. A quantitative analysis of the full width at half maximum
(FWHM) of this characteristic peak was conducted for all the LAG samples to estimate their
crystallite size using the Scherrer equation based on Bragg’s law. The corresponding results
in Table 1 illustrate the continuous improvement in the crystallinity of the products when
the amount of added liquid increases. The crystallite size of the sample prepared with 50 uL
of liquid, for instance, is about 20 nm. It then reaches 34 nm and 38 nm when 400 uL and
1000 pL of liquid are added, respectively. However, the sample prepared with 1500 pL of
liquid shows a somewhat decreased crystallite size of 30 nm. It is also noteworthy that the
samples with 800 pL and 1000 pL of liquid display a close similarity in their microstructure
and textural properties, as shown in Figures S1 and 52. Therefore, only the latter is detailed
in this paper.

HsBTC

Cu(OAc):2

g S o None

50 uL
| . N

3

s

> |

S 200 uL

c

2

£
400 pL
1000 pL
1500 pL
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10 15 20 25 30 35 40

26 (°)

Figure 1. XRD patterns of reactants H3BTC and Cu(OAc);,, and mechanochemical synthesis products
from Cu(OAc); + H3BTC with various amounts of HyO and ethanol (volume ratio 1:1) added prior
to grinding.

In general, the successful synthesis of MOFs, such as Cuz(BTC),, involves three
elementary steps occurring in parallel and/or in series: (i) the deprotonation of ligands and
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dissociation of metal salts, (ii) the assembling of metal clusters, and (iii) the complexation
of metal ions/clusters by the ligands to assemble a coordination motif, often referred to
as secondary building unit (SBU). In the case of Cuz(BTC),, a paddlewheel-shaped SBU is
built up of four benzene-1,3,5-tricarboxylate linkers coordinated with two copper metal
centers. As explained in our previous study [8], copper (II) acetate or its monohydrate is
often preferred over other copper salts in the mechanochemical synthesis of Cuz(BTC),.
This is because of the fact that copper (II) acetate already adapts to a paddlewheel structure
and, therefore, is thermodynamically favored to form Cuz(BTC), over other copper salts.
After the secondary building units are formed in the reaction, the MOFs will then be
constructed by repeating such units in three dimensions to form crystalline structures with
pores dispersed in between.

The above-mentioned XRD results of Cuz(BTC), show that the addition of a liquid
prior to grinding facilitates the formation of crystalline Cuz(BTC), during the mechanochem-
ical synthesis. This could be explained by examining how those elementary steps of the
reaction are affected when liquid is added. From a thermodynamic point of view, the pres-
ence of liquid facilitates the deprotonation of H3BTC ligands and dissociation of Cu(OAc),
salts by solvation since such processes are much more thermodynamically favored to occur
in the quasi-liquid state of reactants over their solid-state. The liquid serves as a reservoir
for the deprotonated anionic ligands and cationic metal ions. It is also noted that, based on
their solubilities, Cu(OAc), and H3BTC are both saturated with the liquid added to each
sample of this study. Therefore, the complexation of Cu3z(BTC), SBU and eventually the
formation of three-dimensional crystalline structures are also thermodynamically favored
under such conditions where the MOF-forming components are saturated. From a kinetic
point of view, the presence of liquid enhances the mobilities of these MOF-forming compo-
nents and consequently improves the reaction rate as well as the crystallinity of Cuz(BTC),.
Such thermodynamical and kinetic interpretations are consistent with what we observed
from the XRD results. As shown in Figure 1, the NG sample has an incomplete formation
of Cuz(BTC); after 10 min of grinding, while all the LAG samples have the opposite results.
Moreover, the former is amorphous, indicating that only a short range of repeating SBUs
exists in the sample. On the other hand, the latter are all well-defined crystalline structures,
and their crystallite size increases from 20 nm (50 pL is added) to 38 nm (1000 pL is added)
as a result of the thermodynamically and kinetically favored conditions for LAG vs. NG.
Notably, the sample with 1500 pL of liquid shows a decrease in the crystallite size. It was
observed that this sample appeared as a slurry after grinding, while all the other samples
remained powdery. This may indicate the possibility of a different reaction pathway than
LAG under this particular condition.

3.2. SEM Analysis

The SEM images were collected to further analyze the effect of the amount of liquid
on the morphology of as-synthesized Cuz(BTC),. Figure 2 includes a group of such images
for the samples with 0, 400 and 1000 pL of liquid added prior to grinding. Under low
magnification, as shown in Figure 2a,c,e, all three samples contain agglomerates. The
occurrence of agglomerates is common in ground samples, which experience ball/powder
collision, repeated deformation, and fracture and, therefore, contain many fresh surfaces.
As a result, ground samples tend to agglomerate.
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Figure 2. SEM images of Cu3(BTC), prepared from grinding Cu(OAc), + H3BTC with addition of
various amounts of H,O and EtOH: (a) and (b) 0 pL; (c) and (d) 400 uL; (e) and (f) 1000 pL.

In mechanochemistry, agglomerates are often called secondary particles [30], as they
are agglomerated from smaller primary particles, as illustrated by a schematic diagram
in Figure 3. In most cases, the primary particles are either a single crystal or polycrystal
in nature. The average size of the crystallites in these particles can be estimated by the
Scherrer equation based on the XRD results, as discussed earlier. The term of “particle”
is referred to as the counting units of the samples rather than their morphology since
mechanochemical synthesis does not lead to powder samples, the shape of which is as
well-defined as a solvothermal one.
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Figure 3. Schematic diagrams of (a) agglomerates and primary particles, and (b) types of microstruc-

tures of primary particles after grinding.

Figure 2b,d,f show the more detailed morphology of the primary particles for the three
aforementioned samples. The NG sample (Figure 2b) is characterized by many flake-like
primary particles in the agglomerates. This suggests repeated deformation caused by
ball/powder collision during grinding. When 400 uL of liquid is added to the sample,
the majority of the resultant primary particles adopt whisker-like shapes, as shown in
Figure 2d. They are estimated to be a few hundred nanometers in diameter and are the
finest among these three samples. When 1000 pL of liquid is present, rod-like primary
particles are dominant in the agglomerates, as shown in Figure 2f. The cross-sectional areas
of these rods are approximately 1 pm in diameter, which are much larger than those seen
in the sample synthesized with 400 uL of liquid.

It is known that the size of the particles resulting from the grinding process is mainly
determined by two competing events: particle breakage and agglomeration of the newly
created particle fragments [31]. Such an observation also applies to mechanochemical
synthesis, where the grinding process leads not only to the pulverization of raw reactant
materials, but also to the induction of chemical reactions between raw materials. The
addition of a liquid to the reactants prior to grinding plays an important role in affecting
the dominance level between these two competing events. When such an amount of liquid
is added that particle breakage is dominant, it can result in a low degree of agglomeration
in the products and, therefore, smaller primary particles. This is mainly because of the
following: (i) the liquid phase wets particles and thus separates them from each other to
suppress agglomeration, which then enhances particle breakage; (ii) the liquid phase also
acts as a mechanical impact sink [32], which absorbs the mechanical energy caused by the
ball/powder collision and, in turn, lowers the local temperature of the particles. A lower
temperature alleviates the tendency of agglomeration. This is why, when these impacts
are prominent in grinding, particle breakage tends to be dominant over the agglomeration.
Such a scenario can be applied to explain the sample with 400 uL of liquid, which contains
smaller particles in comparison to the one without any liquid involved.

As the amount of added liquid increases beyond 400 pL and reaches 1000 puL, however,
the results show that the dominance between those two events reversed as the agglomer-
ation becomes dominant. It is believed that there are two main reasons for what caused
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such a change: (i) With more liquid added, the ball/powder collision continues to be
further alleviated so that the mechanical impact may not be strong enough to break the
agglomerated particles as frequently as is the case with a smaller amount of added liquid.
(ii) In the discussion of XRD results, it was found that the crystallite size of the sample with
1000 uL of liquid was larger when compared to the one with 400 uL. This is attributed to
the continuous enhancement in the mobilities of the MOF-forming components and the
rate of mass transfer among those components as more liquid is added to the samples.
Such enhancement occurs not only inside the primary particles, but also across the primary
particles. The former mainly contributes to crystallite growth, while the latter contributes
to the agglomeration of the primary particles. As a result of these combined impacts, the
agglomeration of particles is believed to be favored over particle breakage under such
conditions, as is seen in the sample with 1000 uL of liquid.

3.3. N Adsorption/Desorption Analysis

As shown in Figure 4, the N, adsorption/desorption isotherms were collected at
—196 °C to examine the surface areas and porous properties of the Cuz(BTC), samples.
These isotherms can be categorized into three distinct groups. The first one, including the
NG sample, shows little adsorption until the relative pressure P/ P is close to 1, where a
small rise is observed. This indicates there are no micropores (pore diameter < 2 nm) in
this sample, except for a small amount of larger pores, such as mesopores (2-50 nm) or
macropores (>50 nm). The second group of isotherms includes the samples with 50, 200 or
400 pL of liquid, respectively. Each of these samples exhibits a superimposition of multiple
types of physisorption isotherms classified by IUPAC [33]. For example, the initial part
of the adsorption curve of these samples shows the characteristics of a Type-I isotherm,
where a steep uptake in adsorption occurs at a very low P/Py, and then a plateau follows.
Based on the IUPAC classification, this is clearly indicative of the presence of microporosity
because narrow space, such as micropores, enhances the adsorbent-adsorptive (MOFs-
Ny) interactions, thus enabling the filling of micropores at a very low P/Pj. The ending
part of these adsorption isotherms does not remain flat, but instead shows a notable jump,
deviating from the behaviors normally expected of the Type-I isotherm but resembling what
is common for a Type-IIl isotherm. Such a deviation suggests the presence of mesoporosity
and/or macroporosity in these samples. Furthermore, the desorption part of these curves
is characteristic of a Type-IV isotherm with a pronounced H2-type hysteresis loop, which is
clearly attributed to meso/macro pore blocking or cativation. The third group of isotherms,
including the samples with 1000 or 1500 pL of liquid, are very similar to how a Type-I
isotherm behaves. In these curves, the rise at a high P/Pj is much smaller than in others.
However, more importantly, the H2 hysteresis loop is barely seen in these isotherms,
indicating little mesoporosity and macroporosity in such samples.

To quantify the observations from N isotherms, several porosity-related calculations
were performed. Using the multipoint BET model, the specific surface areas (SSA) of these
samples were determined, and the results are shown in Figure 5a. Because of the fact that
the BET model is built on the assumption of monolayer-multiplayer adsorption at a low
P/Pj and also that micropore filling occurs exclusively at this range of relative pressures, the
BET results can be regarded as a useful fingerprint for microporosity in the samples. It can
be seen that the BET surface areas are very low when no liquid is added to the sample prior
to grinding, whereas they are significantly improved when liquid is added. These BET
values continue to increase from 315 m?/g to 851 m?/g when the amount of liquid changes
from 50 pL to 1000 puL; however, they are followed by a drop to 621 m?/g when 1500 pL of
liquid is present. The same trend can therefore be predicted for the microporosity in these
samples because of the correlation between the BET surface areas and microporosity. The
corresponding results are summarized in Table 1.
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Figure 4. N, adsorption—desorption isotherms of Cuz(BTC), prepared from grinding Cu(OAc), +
H3BTC with the addition of various amounts of H,O and ethanol (solid symbol: adsorption; open
symbol: desorption).

In addition to the specific surface areas, the pore volumes were also calculated using
the N, adsorption isotherms. The total pore volume was determined from the N, adsorp-
tion isotherms at P/Py = 0.99, while the micropore volume was determined at P/Py = 0.40,
where the pressure was low so that the adsorption in the meso/macro pores would not have
started. The results are shown in Figure 5b, from which several important observations can
be made as follows: (i) The total pore volume is significantly larger for the LAG samples
than that for the NG ones; (ii) the total pore volume reached a maximum of 0.47 cm3/ g
when 400 pL of liquid was added. However, the mesoporosity /macroporosity accounts
for a large portion of the total porosity in this sample and those with less than 400 uL, as
illustrated by the trend line in Figure 5b; (iii) for the sample with 1000 uL, microporosity is
larger than that for the samples with 400 pL or less, and also becomes much more dominant,
accounting for approximately 90% of the total porosity; and (iv) the trend mentioned in
(iii) reverses when the amount of liquid increases to 1500 pL.

To further understand the nature of mesoporosity /macroporosity in these samples,
the mesopore/macropore size distributions of these samples were derived from the adsorp-
tion isotherm by using the Barrett—Joyner-Halenda (BJH) model. As shown in Figure 6,
the three groups of samples categorized above, based on their isotherms, show distinct
mesoporosity /macroporosity distribution characteristics—consistent with the BET and
pore volume calculation results. First, the NG sample does not exhibit any peaks within
the range of either the mesopores or macropores. This indicates that the very minimal
amount of porosity in this sample is likely from the features, the size of which is beyond
the calculation limits of the BJH model (~100 nm). Second, the samples with 400 uL or
less liquid show pronounced peaks in the BJH pore size distribution. For the sample
with 50 uL, the distribution has a broadened peak between 25 and 45 nm. For the sample
with 200 puL, however, the curve includes two peaks at 18 and 42 nm, respectively. More
importantly, these two peaks are better defined in terms of width and height. The same
trend continues to be seen in the sample with 400 uL, which shows one dominant peak near
66 nm. The narrow width and the large height of these peaks indicate that the mesopores
and/or macropores are more ordered structures from the interior of the samples rather than
some features on the surface of the samples. Third, the results show that the prominent
mesoporosity and macroporosity almost diminish from the samples prepared with 1000
and 1500 pL of added liquid.
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Neat Grinding

3.4. Mechanistic Analysis of the Effect of Liquid on Porosity Formation

When evaluating all the results described above, it is clear that the mechanochemically
synthesized Cuz(BTC), samples in this study exhibit hierarchical porosities and that the
external liquid plays an essential role in controlling the formation of such porosities.
Microporosity originates from structurally intrinsic pores because they are generated
when metal centers and organic ligands are assembled through coordination. This is why
micropores are formed inside the primary particles of crystalline Cuz(BTC),. As a result, it
is expected that microporosity has a positive correlation with the degree of crystallinity of
these particles.

The NG samples are mostly amorphous and, therefore, have a low degree of crys-
tallinity. As a result, these samples contain few micropores, as illustrated schematically in
Figure 7. Their very minimal amount of porosity arises, likely from the structural features
on the surface of the agglomerates. When a small amount of liquid is added, the process
becomes liquid-assisted grinding (LAG). The corresponding results show that the crys-
tallinity of the LAG samples is significantly improved. When the amount of liquid increases
from 50 uL to 1000 pL, such an improvement continues, as indicated by the change in the
crystallite size. As explained above, a higher degree of crystallinity of the samples leads
to an increase in their microporosity, as illustrated schematically by the grids in Figure 7.
This trend for microporosity is seen within the whole range of LAG for the synthesis of
Cu3(BTC); until the amount of liquid reaches 1000 pL. As for the sample with 1500 uL,
the process changes from solid-state grinding to slurry grinding. It is believed that the
underlying reaction mechanism has also changed, and a detailed analysis of it needs further
study; however, it is currently beyond the scope of this paper.

Liquid-Assisted Grinding

Breakage-Dominant Agglomeration-Dominant
DD

J &2
O
UM 8%

3 (]
o o, ,
' R
ARG B
8900, % 20 %
(R R
X2

Mesopore/Macropore Micropore

Figure 7. Schematic diagrams of the formation mechanism of hierarchical porosity in Cuz(BTC),
prepared by mechanochemical synthesis.

Based on the results of this study, we believe that mesoporosity and macroporosity
in the Cu3(BTC); samples arise mainly from the network space of their primary particles,
as those illustrated as “inter-particle” pores in Figure 3, and therefore, are affected by
the size of these particles. In traditional porous materials, e.g., activated carbons, these
spaces are most likely closed and thus are unable to contribute to porosity in the adsorption
measurements. This is also what is expected of the NG sample in this study. In the case of
porous MOFs, however, these spaces could be accessible through micropore channels at
the proper pressure. As for those “intra-agglomerate” pores shown in Figure 3, they are
likely too large to account for any meaningful adsorption.
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As discussed in the SEM Section 3.2, there are two competing events in the LAG
synthesis: particle breakage and the agglomeration of the newly created particle fragments.
Which of these events is dominant will determine the size of the primary particles and
their network space formed in such a process. This, in turn, will control the formation
of mesoporosity and macroporosity. When particle breakage is dominant, the primary
particles tend to be smaller so that the network space of these particles (referred to as “inter-
particle pores”) could result in the formation of mesopores and macropores, as illustrated
in Figure 7. These pores are accessible through micropores inside the primary particles.
This scenario applies to the samples with 400 uL or less of liquid in the LAG synthesis of
Cu3(BTC),, It is also important to realize that the size of such mesopores and macropores
and their respective percentage in the total pore volumes can be tailored by controlling the
amount of liquid, as indicated by the BJH results. When the amount of liquid is increased
to 1000 uL, however, agglomeration is believed to be the dominant event. As a result, the
primary particles become larger, and many mesopore/macropore-contributing network
spaces collapse, as illustrated in Figure 7.

3.5. Hy Adsorption Measurement

Cu3(BTC), and other MOFs are often utilized for adsorption-based applications, where
preparing target MOFs with desirable porosity is essential to their performance. In this
regard, it is of great benefit to realize that the formation of hierarchical porosities in MOFs
could be controlled to a certain extent by adding various amounts of liquid in the LAG
synthesis, as demonstrated by the Cu3(BTC), results presented herein. This strategy can be
employed to synthesize the target MOFs with a desirable porosity for specific applications.
In this study, the Hy adsorption capacity of Cuz(BTC), was examined to demonstrate
such a strategy. It is well-known that for a physical adsorption process, gas molecules are
restrained inside the pores of adsorbents only by a weak force, such as the van der Waals
force. As aresult, smaller gas molecules, e.g., Hy and CHy, will be more effectively adsorbed
into smaller pores. As shown in Figure 8a, H; adsorption in the Cuz(BTC), samples is
significantly improved when liquid is added, and the adsorption continues to rise until
the amount of liquid reaches 1000 uL. The maximum capacity at 1.44 wt% is comparable
with other reports for Cuz(BTC), under similar conditions [34,35]. Figure 8b was plotted to
demonstrate the relationship between porosity and the H, adsorption capacity. It can be
seen that there is a positive linear correlation between the microporosity of the Cuz(BTC),
samples and their H, adsorption capacities, which clearly does not apply to the total
porosity of the samples. Therefore, the LAG synthesis with 1000 L, which leads to the
maximum microporosity, is optimal for Hy adsorption in the Cuz(BTC), samples.
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Figure 8. (a) Hy uptake at 1 bar and —196 °C of Cu3(BTC), prepared from grinding Cu(OAc), +
H3BTC with addition of a different amount of H,O and EtOH. (b) The correlation between Hy uptake
and pore volume.

4. Conclusions

The liquid-assisted grinding (LAG) method is effective and efficient for quantitatively
synthesizing crystalline Cuz(BTC), metal-organic frameworks. The results show that LAG
gives rise to a faster reaction rate and greater crystallinity of the Cuz(BTC), products, while
neat grinding only leads to the partial completion of a reaction and amorphous phase of
the products. As the amount of liquid increases from 50 pL to 1000 uL, a larger crystallite
size, thus a greater degree of crystallinity of Cuz(BTC),, is observed.

External liquid plays an essential role in controlling the formation of porosity in
Cuz(BTC);. Microporosity arises from the structurally intrinsic pores formed inside the
crystal structures of the primary Cuz(BTC), particles. A larger amount of liquid in the LAG
synthesis contributes to a larger microporosity in the Cuz(BTC), samples. Mesoporosity
and macroporosity result from the network space of the primary particles, which is also
affected by the amount of liquid in the synthesis. When the presence of liquid leads to
particle breakage as the dominant event in the LAG process, it results in smaller primary
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particles, and the network space of these particles constitutes mostly mesoporosity and
macroporosity. The size of such mesopores and macropores and their percentage in the
total pore volumes can also be tailored by changing the amount of added solvent. When
the presence of liquid promotes the agglomeration over particle breakage as the dominant
event, most of the network space disappears so that mesoporosity and macroporosity in
the samples diminish accordingly. By using the H; adsorption results, we demonstrated
that such control over hierarchical porosity could be utilized for applications which are
desirable for a particular type of porosity in the MOFs.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/s5u14159150/5s1, Figure S1: XRD patterns of mechanochemical
synthesis products from Cu(OAc), + H3BTC with 800 pL and 1000 pL of H,O and ethanol (volume
ratio 1:1) added prior to grinding; Figure S2: N, adsorption-desorption isotherms of Cu3(BTC),
prepared from grinding Cu(OAc), + H3BTC with addition of 800 puL and 1000 uL of H,O and ethanol.
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