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Designable morphology and predictable properties are the most challenging goals in material engineering.
Features such as shape, size, porosity, agglomeration ratio significantly affect the final properties of metal-
organic frameworks (MOFs) and can be regulated throughout synthesis parameters but require a deep under-

MOdlﬂ_amr_s ) standing of the mechanisms of MOFs formation. Herein, we systematically summarize the effects of the indi-
Coordination modulation . . . . . . L R
Deprotonation vidual synthesis factors, such as pH of reaction mixture, including acidic or basic character of modulators,

Surfactants adsorption temperature, solvents types, surfactants type and content and ionic liquids on the morphology of growing MOFs.

Reaction conditions We identified main mechanisms of MOFs’ growth leading to different morphology of final particles and next

pH systematically discuss the effect of miscellaneous parameters on MOFs morphology based on the main mecha-

Temperature nisms related to the nucleation, growth and formation of final MOFs structure, including coordination modu-

Solvent lation, protonation/deprotonation acting and modulation by surfactants or capping agents. The effect of
microwaves and ultrasound employment during synthesis is also considered due to their affecting especially
nucleation and particles growing steps during MOFs formation.

1. Introduction and scope

Constructed of inorganic and organic components, metal-organic
frameworks (MOF) form interesting porous crystalline hybrid mate-
rials. Polydenate organic linkers such as carboxylates, phosphates,
pyrazolates, tetrazolates, catecholates, and imidazolates have been used
to stitch inorganic building units together into extended framework
structures [1]. MOFs linked by carboxylate functionalities comprise by
far the largest group. Nevertheless, the great diversity of building blocks
can provide an infinite number of two- or three-dimensional organic-
inorganic hybrids. In 2017, approximately 70,000 MOF materials were
identified using the Cambridge Crystallographic Data Centre (CCDC)
[2]. In such structures, organic linkers form a support for metallic nodes
(commonly referred to as secondary building units, SBUs) providing free
voids easily created due to the rigidity and directionality of the com-
ponents. Such porous constructions can be also further post-
synthetically modified, adding new functionalities to the material.

Up today numerous MOF structures have been developed including
highly ordered structures with densities as low as 0.13 g/cm®, pore
volumes up to 90% free volume, and Brunauer-Emmett-Teller (BET)
surface area even 6240 and 7800 m?/g for MOF-210 and DUT-60,
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respectively [3-5]. Adjustable composition is also an advantageous
feature. Selection of constituents for the reticular synthesis provides
products with high thermal (even 600 °C) [6] and chemical stability.
The accessibility of the voids to guest molecules has led to tremendous
scientific interest in MOFs due to their commercial utility in gas
adsorption [7,8], catalysis [9,10], photocatalysis [11,12], separation
[13,14], sensing [15,16], light harvesting and energy conversion
[17,18] and drug delivery [19,20] etc.

One of the strategic goals in materials engineering is to synthesize
materials with predictable morphologies and valuable properties.
Although plenty of reports described the preparation of MOFs with a
variety of compositions, there are fewer syntheses that are focused on
the morphology control of MOFs exclusively. It is difficult to predict the
shape and size of MOFs in the form of nanomaterials, even if the
structure of a single MOF unit can be predicted, especially when one
MOF structure can crystallize in many different ways. The ability to
accurately control their shape, dimensions and porosity is highly
required in developing and applying MOFs for specific applications.

Metal-organic frameworks may exist in several morphologically
distinct forms. [UPAC defines morphology as “shape, optical appear-
ance, or form of phase domains in substances, such as high polymers,
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Fig. 1. Examples of MOF’s morphologies: a) hexagonal nanodisks of Niy(BDC)2(DABCO) [24]; b) cone-like one-dimensional structure of Ni-MOF-74@CNTF [25]; ¢)
sphere-organized rods of MIL-91(Ti) [26]; d) square disk-shaped NH»-MIL-125 [27]; e) cake-like MIL-125 with epitaxially grown cubes of ZIF-8 [28]; f) heart-shaped
HKUST-1 superstructure [29]; g) cubes of MOF-5 [30]; h) puck-shaped MIL-125 [31]; i) flower-like structure of Cu-TCPP [32]; j) interlaced structure of edba-MOF 4
[331; k) Co-MOF-74 of bunched needle-like morphology [34]; 1) Fe-soc-MOF hollow colloidosomes assembled from uniform cubes [35].

polymer blends, composites, and crystals” [21]. In this regard, the term
morphology includes physical size, flatness, roundness, sphericity,
appearance of fibers, aspect ratio of the particles, etc. Considering
morphology, nanomaterials were classified as zero-dimensional (0D),
one-dimensional (1D), two-dimensional (2D), and three-dimensional
(3D) depending on their geometrical features [22]. Anisotropic nature
of MOFs allows for controlled growth of specific crystal faces, which
enables control of MOF crystal dimensions. To date, many structurally
diverse MOFs have already been described in the literature, including
spheres, cubes, cuboctahedra, octahedra, rods, filaments, sheets, and
complicated hierarchical structures (e.g. flowers) [23], as shown in
Fig. 1.

However, the syntheses are usually carried out by selecting specific
building blocks aiming to obtain scaffold structures with unusually large
surface areas or other specific properties. Therefore, these different
shapes are usually random rather than planned. This is not surprising, as
predicting the shape of a material is extremely difficult, as one MOF
topology can crystallize into several different ones. The morphology
control means a well-thought out strategy that accurately leads to a pre-
selected MOF shape and size. In fact, achieving such control is extremely
difficult, especially for complex structures. Therefore, the first step to
control morphology is a thorough understanding of the chemical pro-
cesses occurring at the molecular level.

The past decade have witnessed a huge growth in review papers
approaching different aspects of MOFs, including structure and

construction [36], general paths of fabrication [37], electronic structure
[38], ferroelectro features [39], luminescent properties of MOFs [40],
Brgnsted acidity [41], proton conduction phenomena in MOFs [42],
electroconductivity [43], interaction between water and MOFs [44],
motion possibilities [45] and specific applications such as in biomedi-
cine [46], as a materials used for capture, separation or degradation of
molecules and toxic chemicals [14,47-51], photoswitch utilization [52],
photoactivity [11,12,53] as well as, application in food industry [54].
Very recently the shaping of MOFs into monoliths as films, pellets,
tablets, gels and honeycomb structure has been also recapitulated [55].
Nonetheless, previous papers did not address the problem of
morphology control during synthesis. Thus, in the present review, we
first introduce several different mechanisms for manipulating the
morphology and next systematically discuss the effect of miscellaneous
parameters on MOFs morphology. In addition, the basic concepts of
MOF particles nucleation and growth are briefly summarized to better
understand how these processes affect the size and morphology of MOF
nanoparticles. While reviewing the literature, we found that the most
important synthesis parameters influencing the morphology of MOFs
are: acidic or basic character of modulators, temperature, solvents,
surfactants and ionic liquids and the effect of those parameters is dis-
cussed in separate sections. We also found that application of micro-
waves and ultrasound could affect MOFs morphology, therefore the
enforcement of these factors is also considered by us.
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Fig. 2. Schematic showing the coordination modulation method used to obtain metal-organic frameworks. (a) Control of MOF’s size and (b) morphology is usually
achieved by adding a reagent with the same chemical functionality as the linker (Mechanism I).
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Fig. 3. Protonation/deprotonation mechanism used to control morphology of metal-organic frameworks (Mechanism II).

2. Mechanisms of achieving morphology control

MOFs structure could be received using a various range of prepara-
tion methods, but the most straightforward and widely used synthetic
path is the solvothermal route, in which a metal precursor is mixed with
an organic linker in a selected solvent and heated under specific con-
ditions. Most of the structures presented and discussed in this review
have been obtained using this approach. In addition to the nature of the
precursors, various parameters can be selected/changed, including
temperature and/or reaction time, type of solvent, concentration of re-
agents, pH, and type of modulators/additives [23]. Other commonly
used synthetic routes include electrochemical, mechanochemical,
sonochemical, and microwave assisted. For thin films of MOFs prepa-
ration, layer-by-layer deposition, liquid phase epitaxial growth, or
seeded growth on a coated substrate were proposed [56].

A careful analysis of literature allowed us to distinguish that the
achievement of morphology control can be described by a few main
mechanisms. Among them, the most effective are:

(i) coordination modulation mechanism (known also as modulation
of complex formation) — Mechanism I,
(ii) protonation/deprotonation mechanism (acid-base adjustment) —
Mechanism II,
(iii) surfactants/capping agents’ modulation — Mechanism III.

These approaches are directly related to the choice of: type of ad-
ditives (capping agent/structuring agent/modulator), reaction condi-
tions or type of solvent.

Mechanism I: The most popular approach to control the morphology
of MOFs is the coordination modulation method, in which monodentate
additives are used to modulate crystal growth by affecting the coordi-
nation equilibria between metal ions and organic linkers (Fig. 2).
Modulators compete with the multidentate linkers for metal coordina-
tion sites during nucleation and crystal growth, thus regulating the rate
of framework extension and crystal growth [57]. Competitive coordi-
nation of the modulating reagent can regulate (impede) the rate of
crystal growth, allowing more nuclei to be formed [58]. In addition,
modulators may also slow down the precipitation of amorphous mate-
rial, thus improving the crystallinity of MOFs [57,59] and physically
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Fig. 4. Morphology control of metal-organic frameworks by adsorption of surfactants on specific facets (Mechanism III).

prevent crystal’s aggregation, which leads to anisotropic growth [57].
This approach allows control over both the size (Fig. 2a) and
morphology (Fig. 2b) of the resulting crystals. Consequently, smaller
and relatively uniform nanoparticles with different shapes may be
formed. Typically, the additive with the same chemical functionality as
the linker is used to control the crystal size and morphology (e.g.,
monocarboxylic acids or salts) [58]. However, modulators with other
functionalities were also used, such as triethylamine for carboxylate-
based MOFs [60].

Mechanism II: Additives (also the same as mentioned above) can also
determine the morphology of the final product by affecting the acid-
—base environment of the reaction system, thus protonation/deprotona-
tion equilibria (Fig. 3). In this mechanism, the pH of the additive plays a
key role; its structure is less important. Alkaline modulators increase the
pH of the reaction system and facilitate linker deprotonation, providing
more organic anions to coordinate the metal cation. These phenomena
cause an acceleration of the crystal’s nucleation rate. Consequently, the
formation of smaller structures (even nanocrystals), sometimes with
altered morphology, is possible, due to the rapid decrease of supersat-
uration of the reaction system [60]. Nevertheless, an adequate acid-base
balance is essential to regulate the nucleation rate and to obtain a
thermodynamically favored MOF single crystal.

Mechanism III: A particular type of additives used to modulate
crystal morphology are surfactants. Adsorption of amphiphiles on
crystal facets can play a key role in altering morphology and controlling
particle size (Fig. 4). Depending on the affinity of the surfactant to a
specific crystal facet (interaction energy), the adsorption of the additive
is more or less pronounced. This causes the growth rate of one facet to
accelerate and the growth rate of another facet to decelerate, making it
more difficult or easier for reactants to attach to the surface. Thus,
surfactant addition affects the shape and size distribution of the product.
In addition, amphiphiles have the ability to aggregate in water and some
other solvents to form a soft matrix for nanostructures.

Besides three mechanisms described above, the morphology of
growing MOFs could be controlled by the way and form of energy
supplied to the reaction system during synthesis, initiating reactions
between components of the mixture. Energy could be provided to the
reaction system as: (i) heat (gradually increasing the temperature of the
reaction mixture); (ii) microwaves (temperature increase due to inter-
action of electromagnetic waves with polar solvent), or (iii) ultrasounds
(Iocally increasing temperature and precure to extreme values) and
amount/form of energy may affect the kinetics of MOFs’ particles
seeding and growing finally resulting in different size of MOFs particles
and porosity. Control of particles size, porosity and surface imperfection
(i.e. surface defects) regulated by kinetics of nucleation and growing
process will be here described as Mechanism IV.

3. Bottom-up synthesis: mechanistic overview

The studies and thus understanding the MOFs crystallization, i.e., the
formation of extended network structures from simple chemical pre-
cursors in solution, may provide many information on how to tune
synthesis conditions to realize a particular design idea (polymorphic
structure, topology, morphology, crystallinity, porosity, size).

According to the LaMer mechanism [61] (developed for solids),
when combining dissolved reactants, it is necessary to supersaturate the
solution until the critical concentration is achieved. On reaching this
reproducible metastable condition, the system becomes heterogeneous
due to a spontaneous nucleation of the product and the supersaturation
partially relieves. Growth of the nuclei results in a further decrease of
supersaturation of the solution to the value of equilibrium concentra-
tion. The process of nuclei growth to form discrete particles can proceed
by diffusion of molecularly dissolved species to the nuclei. Smaller
particles - due to their higher surface energy - exhibit greater solubility
and deposit on the surface of the more energetically favored larger
particles (Ostwald ripening [62]). The concentration of the dissolved
material represents a balance between the rate of the material produc-
tion by the chemical reaction and its removal from solution by diffusion
to the nuclei.

The conventional description of nucleation is based on the classical
theory of nucleation (CNT), which assumes, the spontaneous formation
of stable crystal nuclei in the supersaturated solution, the size of which is
increased by the attachment of single molecules and neglects collisions
between two clusters [63]. However, theoretical calculations and ex-
periments suggest that cluster-cluster interactions can have a significant
effect on the nucleation process [64] and the nucleation rates are often
many orders of magnitudes faster than those predicted by CNT. There-
fore, nucleation of solids from solution often does not proceed classi-
cally, but follows more complex pathways.

Studies of the nucleation and growth of the MOF crystals still verify
the widely accepted CNT model, according to which MOF crystals grow
by adding monomers to spontaneously formed stable crystal nuclei.
Most experimental studies show prenucleation of clusters/nanocrystals/
species, which tends to confirm multi-step models [65]. According to
them, ions in solution first form small clusters containing metals and
linkers, which then aggregate into amorphous nanoparticles, followed
by crystallization or crystallization is preceded by the formation of a
metastable precursor [65].

An example of crystallization according to the CNT model may be
HKUST-1, (Cu3(BTC)2, where BTC is benzene-1,3,5-tricarboxylate)
which is mostly controlled by the formation of nucleation sites, rather
than the diffusion of reactive species to sites or crystal growth itself at
these sites [65] (slow nucleation and fast particle growth). The
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Fig. 5. Structures of HKUST-1 synthesized with different amounts of sodium formate and triethylamine (reproduced from [60]), first row from left: octahedrons,
octahedrons, oval particles, oval particles; second row: octahedral crystals; SEM images of Dy(BTC)H;O synthesized without and with different amounts of sodium
acetate (reproduced from [58,59]) third row from left: pillar-like rods, rods, oval particles, rose-like structures.

formation of nucleation sites is immediate regardless of the temperature
used [66]. By controlling the rate of nucleation and growth indepen-
dently, the size of HKUST-1 crystals can be controlled. A higher feed rate
of reactants during nucleation step increases the number of formed
nuclei needed to reduce supersaturation to below critical degree of su-
persaturation for nucleation, thereby the average size of the product can
be reduced. Increasing the reactant feed rate during the product growth
stage can lead to “secondary nucleation,” and may result in bimodal-
sized products [67].

Multi-model crystallization was proposed for MIL-53 (AI**/BDC,
where BDC is terephthalic acid), which was found to proceed by the
appearance of a transient metastable crystalline MIL- 253 phase. Inter-
estingly, the topology of MIL-235 is different of MIL-53, which may
suggest that there is no conversion of one into the other only that the
first phase dissolves, releasing reactive forms into solution to crystallize
the final product [65]. On the other hand, the synthesis of MIL-89 (crdt
carboxylate), starts during the first hour by the formation a non-
identified amorphous (or nano-crystalline) phase, and MIL-89 begin to
appear only after 2 h [68]. For ZIF-8 Zn-2-MIM, where 2-MIM is 2-meth-
ylimidazole, the formation of clusters with a radius of about 1.1 nm was
observed, and the first nanoparticles were detected after 15s. The par-
ticles grow by attaching clusters or smaller particles [69]. Usage of
direct time-resolved in situ TEM imaging allowed to distinguish three
main steps of crystals formation in aqueous solution, i.e.: (i) phase
separation (solute-rich and solute-poor regions), (ii) condensation of the
solute-rich phases into dense aggregates, and (iii) crystallization of ZIF-8
nanocrystals [70]. For ZIF-71 (Zn(DCIM)2, where DCIM is 4,5-dichloroi-
midazolate), even four step crystallization process was proposed: for-
mation of small amorphous clusters by coagulation, growth of larger
amorphous particles (via “monomer” addition), transformation into
periodic structure of ZIF-71 (by reorganization of molecules) and

aggregation of nanocrystals [71]. The works of Ferey et al. indicated that
during Cr carboxylates synthesis in water SBUs form as a free species
prior to MOF precipitation and crystallization, and can be retained
during MOF synthesis. In case of Al carboxylates (MIL-96, MIL-100 and
MIL-110) intermediate complexes called by Authors as PreNucleation
Building Units (PNBU) were detected [68]. When the required concen-
tration of zero charged PNBU is reached, nucleation occurs immediately.

4. Effect of various parameters on morphology of metal organic
frameworks

4.1. Effect of pH of the reaction environment

MOFs morphology was mainly controlled by using alkaline modu-
lators at different concentrations. Sodium formate [60], sodium acetate
[60], triethylamine (TEA) [60], 1-methylimidazole [73], n-butylamine
[73], pyridine [24,74], tetramethylammonium hydroxide (TMAOH)
[75], among others, were used for this purpose. It is worth noting that
the main purpose of using these alkaline compounds was not to change
the pH of the reaction medium from acidic to basic. By using an alkaline
modulator, the pH of the reaction mixture increases but does not
necessarily enter the basic pH range. Obviously, the final effect relies
upon the concentration of the modulator. Their function is mainly to
affect the acid-base environment of the reaction system [58] and
deprotonate the linker according to the protonation/deprotonation
mechanism mentioned above (Mechanism II presented in Fig. 3).
Reshaping of MOF’s structure with acidic modulators is rather rare, but
also possible, e.g., HF [76] HNOj3 [77,78] and acetic acid [57,72,74]
were used for this purpose. Moreover, simultaneous modulation by
acidic and basic species can be also applied when MOFs are constructed
from two or more linkers with different coordination modes [74]. The
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Fig. 7. Various Al-MOFs morphologies obtained at different pH of the reaction medium modulated by addition of TMAOH (reproduced from [75]). Obtained
morphologies were described by authors as: pH = 2.1: elongated hexagonal crystals (MOF-100), pH = 2.2-2.4: small octahedra (MOF-100), pH = 2.5: small octahedra
(mixture of MIL-100 and MIL-110), pH = 2.6 and pH = 2.7: a mixture of small octahedra and ill-defined hexagonal crystals (mixture of MIL-100 and MIL-96).

effect of acidity/alkalinity of the reaction environment on the
morphology of MOFs was most often observed for structures prepared by
hydro- and solvothermal methods or by simply heating the reactants.
Small amounts of modulator often do not affect the morphology of
the crystals [60], however, may lead to formation of non-agglomerated,
fully formed particles [79] with smaller dimension [59]. More alkaline
modulator in the reaction system means its higher pH and therefore
more linker molecules in the deprotonated form available for coordi-
nation with metal ions. It can cause a dramatic change in the shape of
the crystal. For example, the octahedral HKUST-1 crystals (Cug(BTC)o,
where BTC is benzene-1,3,5-tricarboxylate), change to spherical and
rod-like particles when exposed to more sodium formate (pKp = 10.25),
or to heterogeneous nanocrystals in the presence of TEA (pKp = 3.25)
(Fig. 5) [60]. A similar effect was also revealed for Eu-1,4-NDC-fcu-MOF
(NDC stands for 1,4-naphtalene dicarboxylate) formed in the presence of
methylamine [79]. When the modulator was absent, apart from aggre-
gated, diverse in size octahedrons, plenty of irregularly shaped fine
chunks were noticed. By increasing the amount of methylamine,

uniform particles with rough, angular surface or smooth spheres
respectively were collected [79].

Nevertheless, at relatively too high pH of the system (too much
modulator), competition of the modulators and linkers for coordination
to metal ions (Mechanism I), accompanied by an extremely fast nucle-
ation rate, can prevent the assembly of small nuclei or clusters from the
formation of ordered crystalline structures [59]. This observation was
made by Guo et al. [59] for Dy(BTC)H20 modulated by sodium acetate
(Fig. 5). The addition of 1 equivalent of sodium acetate (pH 4.4) resulted
in shortened of rod-like crystals (from 60 pm to 3 pm), 3 equivalents
(pH5.8) led to the formation of spherical nanostructures (~71 nm),
whereas at pH > 7.2 amorphous structures with elongated shape and
increased size were formed (inverse relationship) [59]. In comparison,
the use of TEA did not provide Dy(BTC)H20 nanocrystals, but micro-
metric stars. Spherical nanocrystals (50-85nm) were obtained using
TEA as a pH mediator in combination with acetic acid as a capping agent
[59].

The above-mentioned change in the dimensions of the crystals may
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Fig. 9. Reshaping of the truncated rhombic dodecahedral crystals of ZIF-8 and ZIF-67 into cubes by post-synthetic etching, which occurs preferentially in the (100)
direction. The etching solution was composed of xylenol orange, whose pH was adjusted by HCl or NaOH (reproduced from [80]).

be due to changes in the supersaturation of the reaction solution after
the addition of the alkaline modulator. Taking into account HKUST-1
mentioned above, a relatively slow nucleation is followed by fast par-
ticle growth providing bigger crystals [59]. Addition of sodium formate

increases the supersaturation of the solution, thus increasing the rate of
nucleation, slowing the growth phase of the particles, thus leading to
narrower size distribution. Gradual increase of the pH of the solution in
the range of 2.05 (without modulator) and 4.18 (with sodium formate)
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resulted in decrease of the HKUST-1 crystal size (from 20 pm to about
100 nm, respectively) [60].

The possibility of using an acidic modulator (acetic acid) was verified
by Lv et al. [72] for MOF-5 (Zn4O(BDC)s. Acetic acid did not change the
cubic morphology, but it did affect the size of the crystals due to capping
ability (Fig. 6). A change in sheet morphology was, however, achieved
by using the alkaline modulator - sodium acetate - which increased the
pH of the system to 7.41 (Fig. 6). The alkaline pH-mediated relationship
was also confirmed using TEA as modulator and zinc acetate as pre-
cursor (the pH of the reaction mixture was then 8.26). In both cases well-
defined MOF-5 square sheets were formed [72].

Synthesis of Al-based MOFs with BTC as a linker also appeared to be
very sensitive to pH conditions. In water, hexagonal rods of MIL-110
were formed at very acidic pH (pH = 0-0.3), octahedral shaped MIL-
100 crystals at 0.5 < pH < 0.7, ill-defined MIL-96 at pH 1-3, whereas
at pH4 again MIL-110 dominated on MIL-96 [76-78]. The complex
structure of MIL-96 combines chains forming hexagonal 18-membered
ring tunnels, in the center of which appears a trimeric cluster. This
trimer is the basic building unit of mesoporous MIL-100, while MIL-110
is built from an association of Al8 octamers [68]. A slightly different pH
relation was obtained by Seoane et al. [75] who applied TMAOH for pH
modulation in the range of 2.1-2.7, plus cetyltrimethylammonium
bromide (CTAB) as a capping agent (Fig. 7). In the absence of alkali
(pH 2.1), elongated hexagonal crystals of MIL-110 were obtained, at
higher pH values (2.2-2.5) small octahedra of MIL-100 began to form,
and at pH 2.6 the product consisted of a mixture of MIL-100 and ill-
defined hexagonal crystals of MIL-96 (Fig. 7). The pH conditions also
determined the particle size of MIL-100, which decreased from
330 4+ 70 nm to 30 + 5 nm with an increase of TMAOH content [75].

Simultaneous modulation by additives with different functionalities
(both acidic and basic) was applied, for example, for [{Cux(NDC)2(-
DABCO)},], where NDC is 1,4-naphtalene dicarboxylate, whereas
DABCO is 1,4-diazabicyclo[2.2.2]octane. Acetic acid with the same
functionality as the NCD linker hinders NDC—copper interaction (growth
in the {100} direction), whereas pyridine, containing nitrogen with a
lone pair analogously to DABCO, impedes the DABCO-copper interac-
tion, thus the coordination mode in the {001} direction. Selective
modulation by acetic acid at concentrations greater than 0.6 M led to the
formation of oblong rods with a square cross-section of about
390 x 80 nm [57], by pyridine — nanosheets, while using both modula-
tors nanocubes were achieved (Fig. 8) [74]. The observed lower reaction
rate and the coating of the particle surface with acetic acid helped to
reduce particle aggregation [57]. The nanorods had the highest surface
area (1180 mz/g), but the differences were not significant [74].

The pH-mediated morphology change of MOFs (e.g. zeolitic imida-
zolate frameworks, ZIF) can also be achieved by post-synthetic modifi-
cation using a wet chemical etching strategy modulated by pH
regulation of the etchant solution [80]. The proposed procedure, based
on the acid-base reaction and subsequent sequestration of metal ions,
enabled reshaping the truncated rhombic dodecahedrons into cubic,
tetrahedral, and even hollow box structures of ZIF-8 (Zn-2-MIM, where
2-MIM, 2-methylimidazole) and ZIF-67 (Co-2-MIM), as shown in Fig. 9.
The etching (breaking the Zn/Co-2-MIM bonds) was found to be pH
dependent, surface-selective and preferentially favors crystallographic
directions rich in metal-ligand bonds and crystal surfaces of higher
dimensionality [80]. Well-defined ZIF 8 and ZIF-67 cubes were obtained
especially at pH 3 and 8, respectively. The slightly higher surface area of
the new structures was attributed to the formation of defects during
etching.

Examples described above clearly demonstrate that alkaline pH-
modulators can significantly change the shape [60,72] or type
[75-78] of a formed MOF, often with an accompanying reduction in
particle size [60]. The effectiveness of alkaline modulators is due to the
acidic nature of the reaction mixtures. By increasing the pH of the re-
action mixture with different alkaline compounds, MOFs of a certain
shape can be obtained, but this is not the rule. For example, at acidic pH

Advances in Colloid and Interface Science 314 (2023) 102864

MOF-5 crystallizes as cubes, whereas at pH > 7 it crystallizes as nano-
sheets, despite the additives used (sodium acetate or TEA). The structure
of the additive used, especially with or without capping ability, is
important and may exert specific impact (affinity to crystal surfaces).
For HKUST-1, a final morphology (rod-like particles or nanocrystals)
depends on the type of modulator used. For some modulators, e.g., TEA,
adjusting the alkalinity may only result in a change in morphology, but
may not be effective in reducing the size of structures to nanometers. To
form nanosized structures, not only the rate of deprotonation and the
subsequent nucleation must be fast, but there must be a limiting factor
(e.g. capping agent) for the crystal growth and ultimate assembly [59].
However, some modulators (e.g. sodium acetate) combine both factors
in the molecule: alkaline properties and capping ability. What is more,
two different modulators can be also utilized at once [74], which gives
the additional possibility to obtain a variety of products by simply
adjusting the amount of acidic or basic compounds added.

Overall, the addition of an alkaline modulator makes it possible to
obtain particles of smaller size, due to the facilitation of the supersatu-
ration of the system and increasing the rate of nucleation. However, the
appropriate acid-base equilibrium is necessary to adjust the nucleation
rate and prepare the MOF crystals of the desired shape. In this regard,
reappearance of larger crystals [59], formation of amorphous materials
[59], decrease of the crystal anisotropy [59], change of the specific MOF
structure to other phase structures [60], formation of infinite coordi-
nation polymer particles (ICPs) due to aggregation of small nuclei or
nanoparticles [81] may be caused by unsuitable alkalinity/acidity of the
reaction system thus crystallization rate.

4.2. Effect of temperature

The morphology of HKUST-1 [82], Cu3(BTC) [83-85] or Cu-BTC
[86] was found to be strongly related i.a. to the temperature condi-
tions of the sample preparation. Changes of the values, rate of temper-
ature increase during the synthesis and rate of cooling were found to
affect the morphology of the crystallites by controlling the kinetics of
crystal growth. Changes of the temperature conditions can cause a
gradual/smooth or sudden change of shape, thickness, size, the surface
area, or affect the porosity of the structure [84,86-88].

The BET surface area of Cuz(BTC), varied from 692 to 1500 m2/g
since temperature was changes from 110 to 180 °C during solvothermal
synthesis using ethanol (EtOH) and water (1:1 vol) as a solvent and
benzene-1,3,5-tricarboxylic acid and cupric nitrate as precursors
[89-91]. Despite the fact that these data came from various works, it
could be found that elongation of heating of reagents in 110 °C from 15 h
(formation of octahedral crystals with 1200 mz/g) [90], to 18 h lead to
development of surface area to ~1500 m?/g [91], while increasing the
heating temperature to 180 °C for 12h caused the arising of crystals
having 692 mz/g [89]. Therefore, it could be stated that the lower
temperature during solvothermal synthesis favors better development of
the specific surface area and this is not consistent with typical mecha-
nism describing correlation between temperature and nucleation, i.e.
higher temperature favors faster nucleation step, resulting in formation
of high number of small particles with well-developed surface area.
Although the evidence for this statement is rather unsatisfactory due to
lack of systematic studies for different MOFs, this is consistent with the
effect observed for semiconductor materials obtained by sol-gel method
followed by calcination, i.e. higher calcination temperature and longer
duration causes surface area shrinkage due to sintering effect.

The effect of temperature (140, 150, 160 and 170°C) on the
morphology and levels of hydration of Cu-BTC was revealed by Seo et al.
by using microwave synthesis [84]. The synthesis carried out at 140 °C
led to the greatest extent to the formation of Cusz(BTC)2(H20)s as
monocrystalline octahedra (>1 pm). The use of 150 °C resulted in the
formation of [Cu(BTC-Hy)2(H20)5] x 3H20, which transformed into
[Cup(OH)(BTC)(H20)] x 2Ho0 with plate shapes of about 5pm with
increasing temperature.
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Cu-BTC solvothermal synthesis Cu-BTC electrochemical synthesis

Cu-BTC solvothermal synthesis

75°C o 120°C 150°C

Fig. 10. SEM images of Cu-BTC prepared by solvothermal and electrochemical methods at different temperature conditions. First group of SEM images: left - sharp
edges octahedra, right - smooth edges octahedra; second group: left - octahedra, right - cube; third group: left - sharp edges octahedra next ones smooth edges
octahedra (reproduced from [82,85,86]).

Cu-BDC diffusion-mediated modulation growth
25°C 40°C

Ni-MOF solvothermal synthesis

MOF-177 solvothermal synthesis

100°C, 48 h - 100°C, 48 h 120°C, 48 h s 90°C, 24 h
cooled uncontrolled cooled 0.1°C min" g cooled 0.1°C min’
y N 5 } )

% - W _—
7 3 ¥ : ’
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Fig. 11. Effect of heating temperature on morphology of Cu-BDC nanosheets - ultrathin nanosheets, thicker structures of platelets and cube-shaped structures
respectively (reproduced from [88]), Ni-MOF - urchin-like structures, neuron-like structures and microwires, respectively (reproduced from [87]), and the combined
effect of heating temperature and cooling rate of during formation of MOF-177 (ZnO4(BTB),) - aggregated microfilaments, aggregated microfilaments and micro-
needles and cubes, respectively (reproduced from [92]).
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Gd-BHC microwave-microemulsion

Fig. 12. Effect of temperature on morphology of [Gd2(BHC)(H20)g](H20), - nanorods and octahedral/truncated octahedral (reproduced from [93]) and MIL-53
(AI**/BDC) structure with no defined shape and nanosheets (reproduced from [94]).

Temperature can also play an important role in the formation of
sharp crystal edges. The Cu-BTC particles obtained by Chowdhury et al.
[86] at lower temperature (100 °C, 10 h, EtOH/water) have an octahe-
dral shape with sharp edges, while ones prepared at 140 °C (48 h, EtOH/
dimethylformamide (DMF)/water) have rounded edges (Fig. 10).
Despite the aforementioned differences in the course of Cu-BTC prepa-
ration, the differences between the MOF’s morphologies were attributed
to a different formation of the 3D polymeric network of Cu-BTC due to
the temperature factor. Lowering the synthesis temperature resulted in
relatively smaller particles (35.9 pm) with higher surface area 1482 m?/
g in comparison with 38.4 pm and 857 m?/g detected for product ob-
tained at 140°C. Similarly, Biemmi et al [82], observed that with
increasing temperature the edges of octahedra at 75, 120, 150, 180 °C
become smoothed (Fig. 10), however the Authors did not observe sig-
nificant change in the particle size. Attention was also paid to the
structure of a single crystal, namely it changed from platelet shape for
120°C to intergrown octahedrons for 180 °C. In both investigations
[82,86], higher temperature promoted the formation of Cup0
impurities.

Morphology transformation from octahedral structures (low-tem-
perature process) toward cubes (higher temperature) was achieved by
Campagnol et al. [85], who performed the electrodeposition of Cu-BTC
on copper and iron foils at room temperature (RT) and 200 °C, using
electrolyte containing H3BTC, EtOH and water (Fig. 10). X-ray diffrac-
tion patterns showed a high similarity of the obtained structures under
both temperature conditions. When comparing the signal locations of
both samples, they overlap, the only difference between them is the
higher intensity and sharpness of the signals, in the case of a sample
obtained at 200 °C.

The same research group tried also to analyze the effect of temper-
ature on the morphology of MIL-100(Fe) particles obtained by an
analogous electrochemical method in the temperature range from 110 to
190 °C. Polydisperse crystals with a wide range of dimensions 50 nm -
1 pm were formed in the temperature range of 110-130 °C, whereas
monodisperse crystals with small sizes at 170-190 °C. Based on the XRD
analysis, it was concluded that the kinetics of MIL-100 formation is
strongly related to temperature. Namely, nucleation is stimulated to a
greater extent than the increase in crystal size with increasing temper-
ature. Therefore, in the low-temperature process, a relatively small
amount of large-sized crystals forming clusters was obtained, while at
high temperature, a relatively large number of small-sized crystals were
formed, separated from each other to a greater level than in the first
case.

The morphology of the analogical to the abovementioned structure,
namely, Cu-BDC was analyzed by Rodenas et al. [88] 25, 40, 50 or 60 °C.
The use of 25°C resulted in obtaining ultrathin nanosheets (approx.
10 nm), while at 50 °C, thicker structures of platelets were formed. On
the other hand, at a higher temperature of 60 °C, a large amount of cube-
shaped structures ranging in size from 30 to 500 nm were obtained,
moreover, there were remains of platelets and larger crystals in the
sample (Fig. 11). Increasing the temperature also reduced the di-
mensions of the particles obtained from initially micrometric (25 and 40
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°C) to nanometric (50 and 60 °C), at the expense of transformation from
two-dimensional to three-dimensional structures.

Changes in the Ni-MOF structure during solvothermal synthesis
conducted at RT, 60, 80 and 100 °C were revealed by Yuan et al. [87]
(Fig. 11). At room temperature and at 60 °C, a morphology without a
strictly defined shape was obtained, which the Authors called “urchin-
like”, the diameter of which was determined to be approx. 200 nm. The
Ni-MOF obtained at 80°C was characterized by a more spindle-like
shape compared to the previously described structures, which was
termed ‘“neuron-like”. However, the synthesis carried out at 100 °C
resulted in obtaining nanowires with a diameter of approx. 10 nm,
several micrometers long. The viscosity of the solution in which the
synthesis was carried out was indicated as the reason for the change in
the morphology of the particles obtained at different temperatures. The
increase in temperature lowered the viscosity of the solution, which
abolished the mass transfer limitation.

Li et al. [92] pointed out that both the synthesis temperature and the
cooling rate can affect the structure and morphology of MOFs using
MOF-177 (ZnO4(BTB);, where BTB 4,4',4”- benzene-1,3,5-triyl-tri-
benzoate) as an example. A large aggregate consisting of microfila-
ments was obtained when synthesis was performed at 100 °C, whereas
cooling at RT (Fig. 11). The controlled cooling (0.5 °C min~) resulted in
the production of aggregated microfilaments and microneedles. Higher
synthesis temperature (120 °C) and slower cooling 0.1 °Cmin ! lead to
formation of more geometric solids with clearly outlined edges, which
consist of subunits with shapes similar to long cuboids. The most regular
product, disaggregated cubes with smooth edges and relatively small
dimensions were obtained at lower temperature, namely 90 °C, when
the synthesis was shorter (24 h), and cooling controlled for 0.1 °C min L.

Two completely different morphologies of Gd-BHC MOF ([Gd2(BHC)
(H20)g]1(H20)2], where BHC is a benzenehexacarboxylate ligand), were
obtained by Taylor et al. [93] by microwave-assisted microemulsion
method. When the temperature of 60 °C was used, nanorods with a
diameter of 100-300 nm and a length of several micrometers were ob-
tained, while the temperature of 120 °C resulted in the formation of
octahedral and truncated octahedral structures with a small amount of
nanorods (Fig. 12). Despite the different morphology of the obtained
samples, they had the same crystal phase. The difference between the
morphologies obtained for the synthesis MOFs at different temperatures
were related with differences in process kinetics. Namely, a higher
temperature promotes faster nucleation and slower particle growth.

Significant reduction of the particle size with temperature was
shown for MIL-53 by Hu et al. [94]. Namely, the synthesis carried out at
170°C resulted in a smooth-walled morphology with a three-
dimensional structure with no defined shape, while the process carried
out at 220 °C resulted in the formation of nanosheets, densely located on
the same surface (Fig. 12). This may be due to the duality of temperature
influence on the seeding of crystallites and the process of crystal growth.
Low temperature stimulates crystal growth, while high temperature
stimulates their seeding. Optimization of the MIL-53(Al) synthesis
temperature was described by Meshram et al. [95]. The authors obtained
interesting results of their analyzes - namely, they synthesized MIL-53
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Table 1
Examples of MOFs obtained by solvo- or hydrothermal reactions.

Type of reaction ~ Hydrothermal Solvothermal

DMF, DEF, EtOH, MeOH,
DMSO

NH,-Ui0-66 (Zn**/NH,-BDC)
[110]

Ui0-66 (Zn**/BDC) [111]
MOF-5 [112]

MOF-74 (Ni?*/DOT) [113]
NH,-MIL-125 (Ti**/NH,-BDC)
[114]

Cu-TDPAT (Cu?"/TDPAT)
[115]

Main solvents water, formic acid

MOF-808 (Hf*"/BTC) [105]
MIL-121 (AI**/BTEC) [106]
EuY/Mel (Eu®" and Y>'/Mel)
[1071

Cu-BTC [108]

MIL-96 [109]

MIL-100 [109]

Examples of
MOFs

BTEC - 1,2,4,5-benzenetetracarboxylic acid (pyromellitic acid).

Mel - benzene-1,2,3,4,5,6-hexacarboxylic acid (mellitic acid).

NH»-BDC - 2-amino-1,4-benzenedicarboxylic acid (2-amino terephthalic acid).
BDC - 1,4-benzenedicarboxylic acid (terephthalic acid).

DOT - 2,5-dihydroxy-1,4-benzenedicarboxylic acid (2,5-dihyroxyterephtalic
acid).

TDPAT - 2,4,6-tris(3,5-dicarboxylphenylamino)-1,3,5-triazine.

(Al) at two different temperatures, 150 and 220 °C, using water or DMF
as the solvent. In the case of hydrothermal synthesis, in both cases,
geometric structures of undefined shape with smooth walls were ob-
tained, showing a low tendency to agglomeration, which decreased in
size from 1.402 to 0.713 pm with increasing temperature and surface
area increased from 200.26 to 408.3 m?/ g. In the case of DMF, however,
amorphous structures with a high tendency to agglomeration were ob-
tained, the size of which increased from 66.3 to 105.2 nm and the sur-
face area decreased from 1160.7 to 501.2 m?/g. The authors explained
the differences in morphology as a difference in the process of nucle-
ation and crystal growth for different solvents, which is due to the better
solubility of the used linker in DMF than in water, which facilitates
deprotonation of the linker and stimulation of formation. Unfortunately,
the effect of temperature has not been clearly explained [95].

The influence of temperature on the structure of the UiO-66 was one
of the main topics of several research groups at that time. Namely, Jajko
et al. [96] observed an increase in the size of particles that make up
structures of undefined shape from about 0.1-0.3 pm to 0.5-0.9 pm for
solvothermal synthesis at 100 °C and 220 °C, respectively. It was also
noted that the increase in temperature affects the promotion of aggre-
gate formation. Which was reflected in the BET surface area of 1646 and
1115 mz/g, for 100°C and 220 °C, respectively [96]. A similar rela-
tionship was also observed in the case of UiO-66(-NHj, -NO2 and —Br).
An increase in the solvothermal synthesis temperature from 120 °C to
220 °C caused a decrease in BET from 1042 to 769 m2/g, 836 to 542 m?/
g and 1161 to 167 m2/g for the -NH,, -NO; and —Br modifiers,
respectively [97]. Morphologically similar structures were described in
the manuscript of Ali et al. [98], for which the BET analysis did not show
a clear trend. Namely, the researchers synthesized samples sol-
vothermally at 120, 150 and 220 °C, for which the surface area was the
lowest each time for structures obtained at 150 °C, while larger, similar
to each other for 120 and 220 °C [98].

The influence of solvothermal synthesis temperatures (DMF) in the
range of 100-220°C on the Zn/Co(EtIM), (EtIM - 2-ethylimidazole
linker) structure was investigated by Ma et al. [99]. The researchers
found that at temperatures of 150 °C or lower, the resulting structures
were shaped like a rhombic dodecahedron, while at 170 °C a globate
polyhedron with 24 faces and at 190 °C with 26 faces. From the SEM
analyzes included in the manuscript, it can also be estimated that the
size of the synthesized structures increased with the applied temperature
[99].

Based on the information in the above articles, we can conclude that
in the case of Cu-BTC obtained in the solvothermal process, along with
the temperature increase, there is a tendency to increase the size of the
obtained particles [86], increase the amount of impurities (Cuy0)
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[82,86] round the edges [82,86] and decrease the surface area [86]. A
similar dependence was also observed for MOF-177 [92], namely a
lower synthesis temperature and controlled, mild cooling favored the
formation of crystallites with a defined shape of smaller sizes than
during the synthesis at higher temperature and rapid cooling.

An interesting observation worth noting is that, depending on the
type of MOF, the temperature effect can be completely reversed.
Namely, by comparing Ni-MOF [87] and Cu-BTC [86] obtained with the
solvothermal method, and even at the same temperature, two
completely different morphologies were obtained and a different effect
of temperature changes on the crystallites was observed. In the case of
Ni-MOF, the increase in temperature caused the formation of nanowires
(T=100 °C) of smaller sizes than in the case of the lower temperature of
large amorphous clusters [87]. In the case of Cu-BTC, the increase in
temperature caused an increase in size and smoothing the edges of the
initially octahedrons, which were obtained for T =100 °C [86].

However, a clearly marked tendency toward a decrease in particle
size and an increase in the number of crystallites with increasing tem-
perature was observed in the case of MIL-100 (Fe) [85], Cu-BDC [88],
Ni-MOF [87] and [Gd2(BHC)(H20)gl(H20)-]1 [93].

An increase in temperature stimulates nucleation at the expense of
lower particle growth, and thus, with increasing temperature, a larger
amount of smaller crystallites may be obtained [94]. On the other hand,
too high a temperature may favor shape deformation by smoothing the
edges, which are sharp in the case of lower temperature syntheses. In
addition, often too high a temperature promotes the formation of im-
purities such as metal oxides forming a given MOF structure [82]. By
means of XRD analysis, no significant differences were shown between
the samples obtained in the series, only, in some cases, the samples
synthesized at a higher temperature showed higher crystallinity than
those obtained at a lower temperature [86,87]. In the case of Ni-MOF,
the BET surface increases from 246, through 257 to 295 m2/g, when
temperature rises from 60, through 80 to 100 °C, respectively [87]. It is
an individual feature of each type of MOF structures and the method of
their purification and activation. The differences in the formation of
MOF particles are explained by the compensation of the activation en-
ergy of the product formation or a decrease in the viscosity of the so-
lution [87], and thus an increase in mass transfer and pressure in the
solution with increasing temperature [100]. All above-mentioned rea-
sons are consistent with the general propensity of the acting of tem-
perature on the obtained crystallites. Generally, higher temperature
promotes the seeding process, so can result in formation of smaller
particles, but suppresses surface area development (Mechanism IV).
Additionally, higher temperature makes it easier to exceed the activa-
tion energy of product formation and lowers the viscosity of the solution,
this causes the possibility of more effective collisions of molecules with
each other, which leads to a larger amount of smaller product formed,
due to the increase in the speed of particle movement with increasing
temperature.

4.3. Effect of solvent, concentration of reagents and components type

One of the determinants for the morphology of MOFs, their poly-
morphic structures or properties is the type of solvent in which the
synthesis is carried out - its composition, properties (especially polarity
and ability to form hydrogen bonds, thus solubility of the precursors and
product), and volume (precursor concentration). It is a common fact that
the first step in the synthesis of MOFs is to dissolve the metal precursor
(the corresponding salt) and linker in a solvent or mixture of solvents
[1], although recent scientific reports suggest that solvent-free synthesis
of these materials is also possible [101]. When synthesizing materials in
solvents in which the solubility of the addressed compounds is low,
nuclei formation and particle growth occur on a very short time scale,
because the consumption of dissolved building blocks occurs very
quickly.

By controlling the initial concentration of the precursors, the period
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Fig. 13. DMF function in the creation of MOFs (reproduced from [1]).

in which repetitive nucleation can occur can be made so short that a
monodispersed colloid results by the subsequent uniform growth on the
existing nuclei [102]. The most common reaction medium used in the
synthesis of MOFs is a mixture of solvents, which are commonly the
DMF, diethylformamide (DEF), dimethyl sulfoxide (DMSO), 1-metylo-2-
pirolidon (NMP), water, EtOH, methanol (MeOH) and other alcohols,
TMAOH, acetone and organic acids. In hydrothermal reactions, the
ground is water, but in this environment most MOFs are unstable (loss in
crystallinity and structural decomposition) [103]. In this situation,
organic solvents can be used (solvothermal reaction) or the addition of
alcohols, which can prevent the destructive properties of water, as
described later for Cu-BTC [104]. Examples of MOFs obtained by solvo-
or hydrothermal reactions are shown in Table 1.

The solvent in which the linker is often dissolved is DMF (polar
aprotic solvent) or a compound from the amide group, while a suitable
fairly polar solvent is used to dissolve the metal salt. Additionally, a co-
solvent is added to assist the mutual dissolution of the compounds.
During heating, DMF decomposes to dimethylamine, through which
linker acids are deprotonated to form anions (Mechanism II), which
interact with metal ions to form SBUs and bonds between these MOFs
fragments (Fig. 13). The second product of DMF decomposition in the
time of heating is formic acid, which acts as a modulator of the resulting
backbone (Mechanism I) [1]. Thereby, the solvents may play a role of a
secondary structuring and modulating agent. In addition, the solvent
molecules can take part in the coordination of metal ions [116] and be
guests in the pores [117].

The experimental data indicate that the volume of solvents used in
the synthesis plays an important role in controlling the morphology of
MOFs. ZIF-67 or NH,-MIL-125(Ti) have been well studied in terms of the
effect of these conditions on the structural appearance of MOFs, which
are shown in Fig. 14. With increasing solvent (MeOH) volume, ZIF-67
changes from a flower-like nanostructure to a multi-walled wafer with
a concomitant increase in specific surface area (BET) from 800 to 2037
mz/g [118]. In contrast, NH,-MIL-125(Ti) particle (composed of tita-
nium ions and 2-aminoterephtalic acid) changes its structure with
increasing solvent from circular platelets through multi-walled platelets
to octahedral particles, resulting in a decrease in specific surface area
from 1268 to 1041 m?/g, respectively [114].

Very related to the volume of the solvent is the concentration of the
reactants in the reaction mixture. The more a solution is concentrated
with the reactants involved in the synthesis, the larger crystals are
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obtained. In addition, at high concentrations defects may appear in the
crystals, which is due to very rapid crystallization - this is well illustrated
in Fig. 14 for Cu-BTC MOFs [119]. An excess of metal or ligand during
nucleation of this MOF leads to the formation of more nuclei, thereby
reducing the average size of nanoparticles obtained when adding the
same amount of reactants [67]. Analogously for ZIF-71, it was shown
that the kinetics of the reaction accelerates as the linker to metal con-
centration ratio increases, yielding nanocrystals of decreasing size,
while the lifetimes of the amorphous intermediates become short and
difficult to observe experimentally [71].

The shape of MOFs can be controlled by changing the type of solvent
or mixed solvents with different properties. The Cu-BTC frameworks,
presented in Fig. 15, obtained using a water-DMF mixture, have a porous
irregular structure [120], while the use of a water-ethanol environment
provides octahedral structures [119]. The synthesis performed in alco-
holic solution without water resulted in spherical shaped particles
[121], whereas in water, without organic co-solvent, a tagliatelle-like
structure with low porosity (BET surface area - 15.6 m2/g) was ob-
tained [119]. Addition of DMF to an alcoholic solution (water-EtOH)
increases the amount of pure MOFs obtained as well as the uniformity
and fineness of the particles and increases the specific surface area. On
the other hand, an excessive amount of DMF in the solution (optimum -
up to 14% by volume) causes aggregation of crystals and reduction of
the surface area [122]. A similar effect of water as a solvent is evident in
the synthesis of NH,-MIL-88B (Fe) [123]. MOFs obtained from pure
DMFs form aggregates of crystals composed of many small crystals (due
to the relatively high surface energy of the small MOFs crystals). When
the volume of water is 4% of the total solvent volume, small whorls
form. With increasing water to DMF ratio, MOFs are obtained in the
form of a monocrystalline spindle (which increases in volume as more
water is used in the synthesis).

The solubility of the precursors in the solvent is one of the factors
determining the achievement of a certain MOF dimensionality.
Morphology of Mg-BDC can be controlled by the EtOH/H,0 ratio in the
reaction mixture. Using only water for the synthesis, a zero-dimensional
molecular structure is obtained, while using EtOH as a co-solvent, 1D or
2D crystals (25% and 45% molar EtOH/H50, respectively) are pro-
duced. In contrast, using pure ethanol resulted in a 3D structure, as
shown in Fig. 15. The change in morphology was related, among other
factors, to the solubility of BDC, which increases with increasing amount
of ethanol in the reaction medium, facilitating coordination of carboxyl
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NH,-MIL-125 (Ti)

change of concentration by changing the volume of a solution

Vi 1145 m’/g

Cu-BTC - change of concentration by addition of reactants

3,60 mmol Cu”

mol Cu®'

3
19 mmol H.BTC

0,36 m
0,19 m

2,00 mmol H.BTC

10,84 mmol Cu®
6,00 mmol H,BTC

Fig. 14. Effect of solvent amount on the morphology of NH»-MIL-125(Ti): 40 ml - circular plates, 30/20 ml — multi-walled plates, 15 ml — spherical octahedra, 14/
13.5ml - octahedra and ZIF-67: 6 ml - flower like, 30 ml — multi-walled wafer (reproduced from [114,118]). Dependence of Cu-BTC morphology (octahedra and
octahedra with defects))on the amount of reactants in the reaction mixture, mixture volume is 24 ml (reproduced from [119]).

group with Mg?" leading to the more thermodynamically stable struc-
ture of higher dimensionality [124].

Another example, where the type of co-solvent used made it possible
to obtain structures with different aspect ratios is Cu-BDC. Very high
aspect ratio crystals with a preferential orientation in the {201} direc-
tion were obtained when acetonitrile or propionitrile (polar aprotic
solvents) were added to DMF (Fig. 16). However, the employment of
propionitrile resulted in more rounded edges, indicating the effect of the
co-solvent on crystal growth along the basal plane. Using polar protic co-
solvents (m.in. methanol, 2-propanol) causes the aspect ratio of the
nanoplates to decrease and the material begins to take on a 3D form. The
alcohol probably adsorbs more strongly on the metal nodes (different
coordination ability of the solvent) which leads to the displacement of
DMF molecules, facilitating the formation of a three-dimensional crystal
structure. Moreover, the different kinetics of linker deprotonation by the
solvent can also affect the crystal growth rate and morphology (Mech-
anism II) [88].

The effect of solvent on the shape of MOFs was also related with their
ability to form hydrogen bonds (acceptor/donor), and thus to disturb the
internal forces in the crystal structure of MOF [125]. The Cu-PYDC
structures, shown in Fig. 16, obtained in ethanol were described by

Authors as small size nanorods, in acetonitrile as large-sized flakes,
while changing the solvent to water resulted in the formation of clo-
merized rods, flakes and particles. Of interest are the materials formed in
the ethanol-water mixture, which form flower-like nanosheets.
Hydrogen bonds between the solvent molecules (here acetonitrile,
ethanol) and water in which the MOFs precursors are dissolved can
hinder coordination interactions in Cu-PYDCs. There are weaker in-
teractions between acetonitrile-water because acetonitrile can only be a
bond acceptor, thereby its impact on the final structure is lower. How-
ever, with the use of water, the hydrogen interactions increase
dramatically which results in the formation of a heterogeneous Cu-PYDC
nanocomposite [125]. Similar observations were made for Cu-BTC.
Using water as a reaction medium may not lead to cluster formation
because the water molecules form hydrogen bonds with the linker,
preventing the -COOH groups from approaching the copper ions.
Increasing the amount of alcohol in solution results in the formation of
water clusters surrounded by alcohol, which facilitates the coordination
of H3BTC carboxyl groups to cu?t (Fig. 17) [104].

The effect of the solvent type on the size distribution of MOFs can be
illustrated by an example of ZIF-8 synthesis. In DMF, the material forms
hexagonal particles with sizes of 150-200 pm, while changing the
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o water + DMF '

Cu-BTC

water + ethanol ethanol + octanol

25% mol EtOH 45% mol EtOH ethanol

Fig. 15. Dependence of Cu-BTC morphology on the composition of the reaction solution; from left: water — tagliatelle-like structure, water + ethanol — octahedra,
ethanol + octanol — sphere, water + DMF - irregular (reproduced from [119 to 121]). Different morphology of Mg/BTC (SEM images and chain model) depending on
the amount of ethanol; from left: water — 1D structure, 25%, 45% mol EtOH - 2D structure, ethanol — 3D structure, flower-like structure (reproduced from [124]).

Cu-BTC

co-solvent polarity
C—— =

2D - structure 3D - structure

propionitrile

acetonitryle ‘ 2 - propanol | methanol ‘ -

acetonitryle ‘ water

Cu-PYDC

ethanol I ’

Fig. 16. Shape dependence of Cu-BDC on the solvent used in the synthesis; from left: propionitrile and acetonitrile — 2D nanoplates, 2-propanol and methanol — 3D
structure).Shape dependence of Cu-PYDC crystals on solvent composition, PYDC is pyridine-2,5-dicarboxylic acid; ethanol — nanorods, acetonitrile — flakes, water and
ethanol + water - irregular, agglomerated particles (reproduced from [88,125]).
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Fig. 17. Schematic illustration for the formation of Cu-BTC depending on the amount of ethanol and water (25% vol. ethanol —

agglomerated particles (reproduced from [104]).
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Fig. 18. Models of 1 D channels in Mn-TPTC, deposited by H,O and NMP/DMA/DMF solvent molecules and the coordination environment of Mn(II) ion MOFs (in

boxes), gray C, red O, blue N, cyan Mn (reproduced from [128]).

environment to MeOH or water increases the particle fineness (to
3-5pum and 0.3-0.4 pm, respectively) [126]. In other studies, the par-
ticle diameter of ZIF-8 varied as follows: 134 nm for methanol; 324 nm
for ethanol; 212 nm for propan-2-ol; 372 nm for butan-2-ol, 421 nm for
n-propanol; and 324 nm for n-butanol [127]. In both cases, the depen-
dence of the particle size on the polarity of the solvent became apparent.

The more polar the solvent, the smaller the particles that can be
obtained.

The type of solvent can also affect the pore and channel size and
topology of MOFs. An example is Mn-TPTC (where TPTC is terphenyl-
3,3',5,5'-tetracarboxylate) obtained using three different solvents: NMP,
N,N-dimethylacetamide (DMA) and DMF. The size of the channels in
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Table 2

Structural parameters of MOFs — Mn-TPTC [128].
Mn-TPTC in NMP DMA DMF
Size of channels 35.37 A? 35.17 A2 33.11 A2
Pore volume 1242.4 A® 1205.9 A® 1005.3 A®
Void ratio 41.4% 40.5% 37.0%

MOF is related to the molecular size of the solvent used (Fig. 18,
Table 2). Using DMF, the structure with the smallest channel size, pore
size and void ratio was formed. As the size of the solvent molecules
increases, the channels formed in the structures become larger. Small
DMF does not support the entire channel so that the Mn/TPTC obtained
in DMF is somewhat distorted. DMF adopts different solvent coordina-
tion modes: bridging and monodentate compared to NMP and DMA,
which adopt only bridging mode [128].

A similar relationship between the size of the voids in MOFs and the
size of the coordinated solvents (the larger the solvent, the larger the
pores of DMA > DMF > MeOH>H50) was also noticed for Mn-CPBDA
(where CPBDA is 4,4’-((5-carboxy-1,3-phenylene)bis(oxy))dibenzoate).
It was also noticed that the solvent can affect the way the linker is co-
ordinated with the metal. In the case of Mn-CPBDA, the application of an
appropriate solvent causes the coordination of two CPBDA®™ anions
with three Mn?* anions to take the form of a T or Y (for T - DMF, Y -
MeOH and DMA, respectively) - which directly impacts the formation of
the corresponding isomer [129].

Another parameter affecting the shape of MOFs crystals can be the
type of precursor salt used for synthesis (type of anion, acidic residue).
The importance of this factor will be discussed with the example of ZIF-8

ZIF-8

Advances in Colloid and Interface Science 314 (2023) 102864

prepared using different zinc salts, 2-methylimidazole and methanol as
solvent (Fig. 19). The ZIF-8 crystals obtained from Zn(acac); (where
acac is acetylacetone) were irregular and poorly developed (size about
45nm). The use of inorganic salts yielded other shapes: truncated
dodecahedral rhombus (141 nm) and undulating spheres (244 nm) were
observed for Zn(NOs) and Zn(ClO4),, respectively. Large crystals
(300 nm) and many smaller ones (150 nm) - with cubic and rhombic
shapes - were formed when zinc chloride was applied as a precursor. The
usage of Zn(OAc), and Znl, gave ZIF-8 with the shape of a typical
rhombic dodecahedron, and the particle size was 500 nm. The largest
particle sizes were obtained after using ZnBr; - cubes and rhombic do-
decahedrons (1050 nm) - which were characterized by sharp edges and
corners. The small particle size and its anisotropy are attributed to the
high reactivity of the precursors (soft acid Zn®* and hard bases) - which
creates a large number of crystal nuclei. Conversely, the large particle
size can be attributed to the low reactivity of the ZnBr, precursor (soft
acid Zn®" with soft base Br™), which is associated with limited crystal
nuclei formation [130].

There is a similar effect when synthesizing MOF-74 (Co), which is
obtained as monodisperse crystals of different sizes depending on the
counterion of the cobalt(II) salt [131]. The MOFs obtained had the
smallest sizes with cobalt(Il) acetate and the largest sizes with cobalt(II)
trichloroacetate - but all materials showed high crystallinity and high
specific surface area (the crystal aspect ratio increases in the order ac-
etate < formate < chloroacetate < trichloroacetate).

In addition to the type of precursor, the morphology of the crystals
can also be determined by the number of cations that make up the MOFs.
In the case of Ni-BDC, which can form bimetallic MOFs with cobalt, the
particle shape is highly dependent on the Ni/Co molar ratio (see Fig. 20).

Fig. 19. Morphology of ZIF-8 depending on the salt used for synthesis; Zn(acac), — irregular small particles, Zn(NO3), — truncated dodecahedral rhombus, ZnSO, —
truncated nanoparticles, Zn(ClO4)2 — undulating spheres, Zn(OAc),, Znl,, ZnBr,, — rhombic dodecahedrons, ZnCl, - cubic and rhombic, (reproduced from [130]).

Co/Ni-BTC

Co/Ni=2:1 Co/Ni=1:1

Co/Ni = 0:1

Fig. 20. Morphology of Co/Ni-BDC depending on the ratio molar of salt used for synthesis; Co/Ni = 2:1 - irregular, 1:1 — nanosphere, 1:2 — nanosphere, 0:1 —

nanosheets (reproduced from [132]).
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Fig. 21. Schematic and SEM images of the morphology evolution of the IRMOF-3 polyhedral crystals from cubes through truncated cube, cuboctahedron, truncated
octahedron to octahedron prepared in the presence of different amounts of CTAB: green facets represent {100}, red facets represent {111} (reproduced from [143]).

MOF-5

Intermolecular interactions between ZIF-8 facets and CTAB

No CTAB
and TEA

111} EEET

. .
%%, P * s “
b \
¢
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interaction
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Fig. 22. Different morphologies of MOF-5 (cubes [144] prepared without any modulator and octahedral nanocrystals in a presence of CTAB [145]) and ZIF-8
(rthombic dodecahedrons prepared without any additives, (cubes prepared in the presence of CTAB), (reproduced from [138]); intermolecular interactions be-
tween the ZIF-8 facets of and CTAB obtained by semiempirical methods PM6 and PM7 methods included in MOPAC2012 (reproduced from [146]).

The crystals obtained by solvothermal method with Co/Ni in 2:1 M ratio
are characterized by irregularity, for 1:1 and 1:2 by nanospheric shape,
while MOFs of monometallic type - Ni-BDC can be obtained as nano-
sheets [132].

Compounds present in solution that have a direct effect on
morphology can be co-ordinating compounds (co-ordinating modulators
or foreign co-ordinating competitive ions). Co-ordinating modulators
can also be salts of organic acids, e.g. m-terephenyl-4,4’ dicarvoxylate.
In the work of Suresh et al. [133], its dadate was investigated on the
morphology of MOF-5. Pristine MOF-5 was characterized by a cubic
structure, where crystal control occurs by blocking growth along the
{100} facet direction. The addition of m-terephenyl-4,4’ dicarvoxylate,
which co-ordinates adjacent SBUs, causes blocking of the {111} facet
resulting in a cuboctahedral structure (when the control is along the
{100} facet and {111} facet) or an octahedral structure (when the
control is along the {111} facet only). In later work by Suresh et al.
[134], they described a similar effect of the addition of coordination
compounds to the synthesis of IRMOF-8. Under the influence of these
compounds, the crystal morphology of IRMOF-8 can be changed from
cubic to rhombic dodecahedral, truncated octahedral and octahedral.
Another modulating factor could be inorganic salts min. Aluminium
nitrate. In a study by Gao et al. [135], the effect of a co-competitive
coordination strategy in the synthesis of HKUST-1 was investigated. In
the study, pristine MOFs retained the orginal octahedral morphology
(with {111} facets), and upon addition of the modulator (A1(NO3)3), the

morphology changed to a cubic structure. AI** competed with Cu®* ions
to react with linker anions during synthesis facilitating growth with
orientation (100).

Concluding, both type of solvent and type of metal precursor strongly
influence the shape, structure, particle size and fineness of MOFs. The
solvent can act as only the reaction medium, but in the most cases the
solvent alters the modulation of the structure through interactions with
the linker. These interactions may involve deprotonation of the linker-
carboxylic acid (which facilitates its coordination with metal ions)
(Mechanism II) or hydrogen bonds (water-linker) which often prevents
the formation of MOFs. Moreover, solvent molecules can affect the size
of pores and channels - acting as a guest. The second important
component of the reaction solution are dissolved salt anions, the reac-
tivity of which affects the shape, size and crystallinity of MOFs.

4.4. Effect of surfactants

The main characteristic of surfactants is their amphiphilic structure
consisting of a long hydrocarbon chain and a hydrophilic functional
group (ionic or nonionic). Because of this structure, surfactants are often
used as structure directing agents or capping agents for the preparation
of materials, inducing many interesting effects such as formation of
high-index facets, transformation of crystal shape, affecting the crystal
size [136]. The amphiphilic properties of the surfactants also induce the
ability to self-assemble in the solution and form micellar aggregates,
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Fig. 23. On the left: morphology transition of [Cuz(BTC),], synthesized in a presence of increasing amount of lauric acid (reproduced from [149]); first row from
left: deformed octahedrons, deformed octahedrons, octahedrons; second row: cuboctahedron, truncated cubes, cubes; On the right: schematic illustration of the effect
of different modulator (orange symbols) amounts on the coordination process to the MOFs network. The growing concentration of modulator is consequently
replacing the terminal linkers (white-blue symbols) and preventing from further growth in specific directions.

MOF-5 modulated by PVP

ZIF-8

0.07 mM CTAB
10 mM TRIS

0.07 mM CTAB
50 mM TRIS

0.1 g CTAB
3.01 g TBAB

CTAB and Histidine
with molar ratio 1:4

Fig. 24. Morphologies of MOF-5 crystals synthesized with 20-fold diluted synthetic solutions with different concentrations of PVP [150], from left: cubes, truncated
cubes, truncated cuboctahedrons, octahedrons; ZIF-8 obtained in the presence of CTAB and various additives (reproduced from [146,152,153]), from left hexapod
morphology, sort of burr puzzle, stackable particles, hierarchically structured hexagons.

allowing them to provide a soft template for morphology-defined
nanocrystals (structure directing ability). On the other hand, surfac-
tants can selectively adsorb on specific crystal surfaces via diverse in-
teractions, such as dipole—dipole, van der Waals forces, etc. (Mechanism
IID. Thereby, surfactants can control the crystal growth, facilitate the
formation of different morphologies, prevent the aggregation of crystals
to larger and intergrown ones during synthesis and storage, and promote
the formation of the uniform structure [136]. The final shape of the
crystal is determined by both thermodynamic and kinetic factors.
Thermodynamics of crystal formation can be affected by the affinity of
the surfactant to a particular facet through selective binding. Thus,
surfactants stabilize surface atoms and lower their surface energy.
Additionally, the formation of a physical barrier to atom’s deposition/
diffusion affects the kinetics of crystal growth [137].

The most common surface active additive used to modulate the

morphology of MOF is an ionic representative of quaternary ammonium
compounds (QAC), namely CTAB. This surfactant was used for synthesis
of ZIF-8 [138], isoreticular metal-organic frameworks (IRMOFs) [139],
HKUST-1 [140], Fe-MIL-88B (Fe3+ combined with BDC) [141], CAU-17
(Bi3+ combined with BTC) [142] among others. The effect of a surfactant
concentration on the morphology of MOF was clearly explained by Yang
et al. [143] through the use of IRMOF-3 (Zn4O(BDC-NH3)3) modulated
by CTAB. In the absence of the surfactant, IRMOF-3 crystallizes as a cube
with six exposed {100} facets (Fig. 21). The addition of CTAB resulted in
the formation of truncated cubes due to the appearance of eight small
triangular {111} facets. More CTAB promotes further growth of {111},
so that instead of octagonal {100} facets under these conditions, square
{100} ones are formed giving cuboctahedrons. Further increase in CTAB
content ensures that triangular {111} facets turned into larger hexago-
nal {111} facets (truncated octahedrons) and the final disappearance of
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Fig. 25. Schematic effect of a hydrotrope on the shape of the reverse micro-
emulsion stabilized by CTAB and used for Gd-MOF’s preparation; change in size
of Gd-BDC (rods) and Gd-BTC (ellipsoidal particles, cubes); (reproduced
from [154]).

the square {100} facets. This results in perfect octahedrons composed
solely of triangular {111} facets (Fig. 21) [143].

Another member of the same family, MOF-5 (IRMOF-1), also showed
a similar change in morphology, however, the surfactant also induced a
significant effect on crystal size. MOF-5, when prepared without any
additives, crystallizes in a microsized cube-shape morphology with an
average size of 5-200 pm (Fig. 22) [139,144]. Controlled nucleation and
growth by CTAB adsorption gave regular or truncated octahedral crys-
tals of nanometer size [145]. The opposite direction of morphology
transformation, namely, from rhombic dodecahedrons to truncated
cubes, was observed when the preparation of ZIF-8 was modulated with
CTAB at increasing concentrations from 0.07 to 0.35mM [138,146]
(Fig. 22). It is worth mentioning that the morphology of ZIF-8 changes
during crystal growth from cubes with 6 {100} facets to intermediate
shapes and finally to rhombic dodecahedrons exposing 12 {110} facets
as the most likely stable equilibrium morphology of this MOF [147]. In
the presence of surfactant, the growth rate of the {100} direction in ZIF-
8 is slowed due to the higher affinity of the CTAB cation for this facet
(highest interaction energy) compared to the others (Fig. 22). Therefore,
the development of {110} and {111} facets was promoted under the
proposed conditions [138,146,148]. Analogous to MOF-5, the crystal
size of ZIF-8 decreased from about 4 pm to about 100 nm when the
highest modulator concentration was used [138].

The presence and increasing concentration of surfactant can also
provide larger crystals as demonstrated by Umemura et al. for

Advances in Colloid and Interface Science 314 (2023) 102864

[Cu3(BTC)2], [149]. The direction of coordination bonds between the
copper cation and the -COOH groups in the BTC ligand determines the
growth of the {111} facets, thus the octahedral morphology. As shown
in Fig. 23, the addition of the small amount of lauric acid (LA) resulted in
larger crystals with unchanged morphology. The morphological transi-
tion to cuboctahedron, truncated cube, and finally to cube (with exposed
{100} facets) was observed due to modulation of the thermodynamic
stability of the growing facets by larger amounts of LA [149]. Under
these conditions, the crystal size increased slightly and then remained
almost unchanged. This surfactant not only selectively interacts with the
MOF’s specific facets but also leads to the alteration of the crystal
nucleation rate by forming competitive interactions with the metal
precursor, thus additional coordination modulation.

The effect of the surfactant structure — the fact that they contain
different “tails”, “heads” and sometimes occur as ions — on the MOF’s
morphology has not been clearly indicated yet. Differences in alkyl
chain length and counterion type had no particular effect on ZIF-8
morphology as demonstrated by using cetyltrimethylammonium chlo-
ride (CTAC) and trimethylstearylammonium chloride (STAC) were
applied instead of CTAB [138]. Despite the use of a surfactant with a
significantly different structure - polymeric polyvinylpyrrolidone (PVP)
- for the synthesis of MOF-5, a similar effect was obtained as with
cationic CTAB, namely, facilitating the growth of the {111} facets and
evolved transformation of the morphology from cube to truncated cube,
truncated octahedron, and octahedron as the surfactant concentration
increased, as shown in Fig. 24 [150]. Moreover, the BET surface area of
these structures was also not affected by the morphology, being on the
level of 2566-2684 m?/g for samples with the mentioned shapes'®°.
Analogous observations were made for ZIF-8, regardless of morphology,
BET surface area remained around 1200 m2/g [138]. In the case of hi-
erarchical porous framework of Cu-BTC the influence of three different
surfactants was investigated [151]. Apart from cationic CTAB, anionic
sodium dodecylbenzene sulfonate (SDBS) and non-ionic N,
N-dimethyltetradecylamine (N,N) were also utilized. Although octahe-
dral particles of CuxOy@HP-Cu-BTC were obtained for all of three
applied surfactants, the size of surface area and size of single crystals
were divergent. The highest value of BET surface was reached for non-
ionic surfactant (almost 1200 mz/g), while the values decreased to
817 m?/g and 620 m?/g for cationic and anionic surfactants
respectively.

In case of bismuth-based MOF — CAU-17 — addition of QAC have
influenced the growth speed in different directions. Addition of 25 mg of
CTAB to the reaction mixture resulted in the obtainment of 2 pm long
solids with hexagonal base instead of plate-shaped morphology [142].
By increasing the amount of surfactant introduced into the reaction
environment (keeping the same quantity of linker and metal precursor),
the diameter of the particles was decreasing, while at the same time their
length was increasing. Thin nanowires of CAU-17 were formed when the
amount of CTAB reached 400 mg. Interestingly, no visible change in
particle morphology was observed for two other surfactants, namely
SDS and PVP, in comparison with the product obtained when no addi-
tives were added [142]. However, promotion of growth along different
crystallographic axes was also achieved by using additive modulators
along with surfactants. For example, the simultaneous application of
CTAB and tris(hydroxymethyl)aminomethane (TRIS) to the preparation
of ZIF-8 resulted in particles with irregular shapes and higher facet
indices, with hexapod (lower concentration of TRIS) or burr puzzles
(higher concentration of TRIS) morphology (Fig. 24). These structures
reflect the combined interactions of modulators with specific ZIF-8
facets. Unlike CTAB (which, as mentioned above, preferentially ad-
sorbs on {100}), TRIS molecules preferentially stabilize the {111} facet
[146]. The BET surface area values of burr puzzles (1282 rnz/g) were
only slightly higher compared to cubes (1193 m?/g). The combination of
CTAB and tetrabutylammonium bromide (TBAB) for the synthesis of
ZIE-8, on the other hand, in contrast to the above mentioned examples,
provided a 3D structure composed of stackable small nanoparticles with
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Fig. 26. Formation of mesostructured HKUST-1 by the CTAB templated method (reproduces from [140]).
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Fig. 27. SEM images of desert-rose like MOF-5 synthesized electrochemically using [AMIM][TFSI] (reproduced from [164]), and [BMIM][Br] as electrolytes
(reproduced from [160]); SEM image of rhombic dodecahedron-shaped ZIF-8 synthesized by a hydrothermal method (reproduced from [138]) and TEM image of
stackable particles by reverse micro-emulsion route (reproduced from [158]); SEM images of Co-MOFs synthesized with addition of ILs with increasing hydro-
phobicity (reproduced from [161]); [EMIM][PF¢]: rod-like particles, [BMIM][PFg]: multilayer nanoplate crystals, [OMIM][PFg]:rod-like particles, [HDMIM][PFg]:
nano-block crystals; SEM images of Zn-BTC synthesized with different mass fraction of ZnCl, in glycerol-[DDMIM][CI] mixed solvents, w -mass fraction of ZnCl, in
glycerol-[DDMIM][CI] mixed solvents (reproduced from [165]), for increasing w value: needle-like, rod-like, sheet-like, spherical-like particles.

much lower BET surface area (814 mz/g) [153].

In addition to the capping properties of the surfactants, their ability
to selectively direct the structure growth has been also exploited in
syntheses targeting the supramolecular template. For example, a CTAB-
stabilized reverse microemulsion system was used to prepare Gd-MOF
[93,154]. Taylor et al. [93] obtained block-like nanostructures of Gd-
BHC (Gd2(BHC)(H20)e), that were approximately 25 by 50 by 100 nm
in size. The tendency of the product to aggregate was negated by addi-
tional PVP coating. Hatakeyama et al. [154] also used a surfactant-
assisted synthesis method, but, selected hydrotropes (sodium salicy-
late, 5-methylsalicylic acid, and salicylic acid) were additionally used to
induce micelle shape change, thus affecting the morphology of Gd-MOF.
According to the literature, incorporation of selected hydrotropes into a

CTAB-based microemulsion system can induce a transition from spher-
ical/ellipsoidal to worm-like micelles [155]. This approach was found as
a straightforward way to control size of Gd-BDC (Gd(BDC); 5(H20)2),
yielding structures with increased length as a function of hydrotrope
concentration (Fig. 25). However, the Gd-BTC crystals prepared with a
ligand containing three carboxylic groups (Gd(1,2,4-BTC)(H20)3H20)
and sodium salicylate showed a decrease in the average length and
width dimension (Fig. 25) [154].

The  formation of  hierarchical = HKUST-1 structures
([Cu3(BTC)2(H20)3]) with adjustable porosity was proposed by Qiu et al.
[140] through MOF self-organization using cylindrical CTAB micelles as
a template (Fig. 26). Electrostatic interactions between cationic micelles
and deprotonated negatively charged BTC®~ ligands probably
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Fig. 28. SEM images of ZIF-8 (cuboctahedron, truncated rhombic dodecahedron) and ZIF-67 (aggregated spherical particles, truncated rhombic dodecahedron)

synthesized in [EMIM][Br] (reproduced from [159]).

Uio-67 IL+-MOF

UiO-67-IL

Fig. 29. SEM images of UiO-67-derived MOF obtained by using linkers modified by IL (reproduced from [166] and [155]), from left: distorted octahedrons, irregular

structures, octahedrons.

determined the positioning of the MOF building blocks leading to the
formation of hierarchical micro- and mesoporous structures. The mes-
opore walls of HKUST-1 were composed of a microporous framework of
a 3D channel system with a pore diameter of 0.82 nm. Increasing the
CTAB/Cu?" molar ratio from 0.15 to 0.60 provided an increase in
mesopores diameter (from 3.8 to 5.6 nm), which was further reflected in
the lower BET specific surface area (decrease from 1225 to 905 mz/g).
Moreover, the expansion of mesopore diameter (even up to 31 nm) was
achieved by using 1,3,5-trimethylbenzene (TMB) as a micelle swelling
agent [140].

Numerous morphologies of MOFs can be obtained by introducing
surfactants into the system and adjusting their amount [146]. The size,
shape, porosity and aggregation tendency of the crystals can be altered.
A surfactant can simultaneously promote the growth of a particular
MOF’s facet and inhibit another (Mechanism III) [138,143]. In this way,
the MOF’s morphology control can be realized. The effect of a surfactant
type on the MOF’s morphology has not yet been clearly determined.
Differences in the alkyl chain length and surfactant counterion type had
no specific effect. The type of hydrophilic “head” may be the difference
due to the different energy of interaction with a particular facet. Long-
chain carboxylic acids are a special type of surfactant because not
only selectively interacts with specific MOF facets, but also lead to a
change in crystal nucleation rates by forming competitive interactions
with the metal precursor, thus additional coordination modulation
(Mechanism I). Control of the morphology of MOF’s can also be realized
by using surfactants in the aggregated form as a soft template.

4.5. Effect of ionic liquids

Consisting of bulky organic cation, small organic or inorganic anion,
and having peculiar properties, ionic liquids (ILs) have also found ap-
plications in the synthesis of metal-organic frameworks. The reported
studies involving ILs as morphology-affecting agents mainly concern the
influence on MOFs like UiO-67 [156], HKUST-1 [157], ZIF-8 [158], ZIF-
67 [159], MOF-5 [160], MOF-74 [161]. The liquidity over a wide
temperature range allows the use of ILs as a solvent or cosolvent in
solvothermal/ionothermal synthesis or dispersion components in the

(micro)emulsion method [158]. The ionic structure also allows their use
as electrolytes in various electrochemical processes, thus replacing
completely or partially the commonly used salts and solvents [160]. Post
synthetic modification of MOF surfaces with ILs is also popular, espe-
cially in the context of modifying sorption properties [162].

During a typical solvothermal process, MOF-5 particles grow as
regular cubes (see for example Fig. 22) [144]. Applying an electro-
chemical approach leads to the formation of spherical shaped particles
when a small amount of 1 — butyl-3-methylimidazolium chloride
[BMIM][Cl] was added to the reaction medium [163] or flower-shaped
structures - shown in Fig. 27 - when 1 - butyl-3-methylimidazolium
bromide [BMIM][Br] [160] or 1-allyl-3-methylimidazolium bis(tri-
fluoromethylsulfonyl)imide [AMIM][TFSI] [164] acts as electrolytes.
The movement of ions during the process is directed by the electric field
mediated by ILs, affecting the morphology of MOF. Moreover, ILs also
show structuring ability, a kind of template or the growth of structures
that change the orientation of the attached molecules.

Solvent properties of 1-dodecyl-3-methylimidazolium chloride
[DDMIM][CI] in a mixture with glycerol, were analyzed in Zn-BTC
synthesis [165]. This time, the morphology transition has been ach-
ieved by a change in the mass fraction of the precursor (ZnCly), thereby
the amount of IL in the solvent mixture (Fig. 27). Long needle-like
particles were formed when the mass fractionation of ZnCl, was 0.17.
As the zinc salt content increased, and thus the amount of IL decreased,
the MOFs expanded toward rod-like (0.29) and plate-like (0.38) shapes.
In the presence of relatively least amount of [DDMIM][CI] (mass frac-
tion 0.44) - only spheres with a rough surface were observed. The higher
IL content also resulted in an increase in the crystallinity of the samples.
Furthermore, small-angle X-ray scattering (SAXS) analysis confirmed
that the shapes of the formed Zn-BTC particles corresponded to those of
the supramolecular domains formed by IL during the synthesis process,
suggesting that [DDMIM][CI] acts as a template.

The amphiphilic properties of ILs were utilized in reverse micro-
emulsion system containing water, n-pentanol, n-dodecane, and stabi-
lized by 1-tetradecyl-3-methylimidazole chloride [TDMIM][CI] to
obtain nanometric crystals of ZIF-8 [158]. This method allowed a nar-
rowed range of particles between 15 and 35nm instead of values
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ZIF-8

20 wt%

-ﬂpregnated '

Fig. 30. SEM images of intergrown cubes of ZIF-8 samples impregnated with different amount of [BMIM][BF,] (reproduced from [168]) and distorted octahedrons of
HKUST-1 samples treated with [EMIM][Tf,N] (reproduced from [157]).

MOF-5

microwave

Fig. 31. Cubic morphology of the MOF-5 samples synthesized using microwave at 105 °C for 30 min, and synthesized via traditional reflux route at 105 °C for 4h
(reproduced from [172]).

IRMOF-1 Co-MOF-74

hybrid solvothermal

hydrothermal

' microwave /

Fig. 32. SEM images of cubic shape of IRMOF-1 synthesized by hybrid (microwave + sonication) and hydrothermal methods (reproduced from [173]); SEM images
of hexagonal column structured particles of Co-MOF-74 obtained under conventional solvothermal and microwave assisted solvothermal methods (reproduced
from [176]).

exceeding 100 nm in case of typical hydrothermal (Fig. 27) [138] or (Fig. 27). The use of 1-ethyl-3-methylimidazolium hexafluorophosphate

/\/\\ MOST WIEDZY Downloaded from mostwiedzy.pl

J—

solvothermal method (see previously shown Fig. 19) [130]. A notable
rise of surface area and pore volume can be observed — from 816 m%/g
and 0.1754 cm®/g for general ZIF-8 to 1477 m?/g and 0.6181 cm?/g for
nano-ZIF-8 [158]. Moreover, as the alkyl side chain length of IL in-
creases, the expansion of the Co-MOF crystals obtained in the water/
DMF emulsion stabilized by Triton TX-100 and selected 1-alkyl-3-meth-
ylimidazolium hexafluorophosphates [AMIM][PFg]) is revealed

[EMIM][PF¢l, containing two C atoms, leads to the formation of
aggregated, oblong nanoparticles of about 100 nm in length, while 1-
hexadecyl-3-methylimidazolium derivative [HDMIM][PFg] contributes
to the formation of individual chunks over 200 nm in wide. It was
concluded that ILs containing a short alkyl chain could more tightly
surround around polar cores through electrostatic and steric stabiliza-
tion, whereas ILs with longer substituent adhere less firmly to the crystal
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120°C, 5 min

Fig. 33. SEM images of Co-MOF microcrystals obtained by microwave-assisted method in the presence of SDS surfactant (reproduced from [177]). Morphology from

left: nanoplates, multilayered microcubes, aggregated nanorods and microrods.

Fig. 34. FESEM images of [Cu3(BTC),], synthesized using copper nitrate and lauric acid/BTC different molar ratio; x = [lauric acid]/[BTC] molar ratio, x = 0, 25, 50,
75, 100, and 125 (reproduced from [149]). The first three images show different octahedron morphology, while the other three show different cubes morphology.

Cu-BTC

21.6mg

Fig. 35. Selected morphology of [Cu3(BTC)>], controlled by addition of POM (reproduced from [178]). Morphology from left: octahedron, porous spheres and

smaller porous spheres.

MOF-5

-

sonochemical solvothermal

Fig. 36. Comparison of cubic morphology of MOF-5 obtained by sonochemical
and solvothermal methods (reproduced from [184]).

surface (Mechanism III shown in Fig. 4). The decreasing tendency to form
agglomerated structures was also attributed to an increase in the vis-
cosity of the emulsion (caused by the concomitant elongation of IL side
chain). Although nanoparticles were obtained by this method, the values
of surface area and pores volume were relatively low within the range of
263-628 m?%/g and 0.22-0.31 cm®/g respectively. This may be explained
by residual ILs and surfactants that are difficult to remove from Co-MOF
pores and contribute to channel occlusion.

The effect of reactor cooling procedure during formation of ZIF-8 and
ZIF-67 by ionothermal method using 1-ethyl-3-methylimidazolium
bromide ([EMIM][Br]) was analyzed by Wang et al. [159]. The rapid
change of temperature resulted in the formation of crystal agglomerates
consisting of uneven particle size (Fig. 28), which is the result of
simultaneous rapid nucleation and slow crystal growth. Separate,
clearly outlined truncated octahedra (typical morphology of these ZIFs)
of similar dimensions were obtained when the cooling process was
carried out at a certain rate due to the slowing of the nucleation rate and
the acceleration of the growth rate. Reduced number of shaping particles
reduces the risk of collisions and sticking in agglomerates. The BET
surface area was 1428 m?/g with rapid cooling and 1211 m?/g with
programmed cooling suggesting that no significant amount of IL
remained in the pores of ZIF-8.

Syntheses of UiO-67-derived structures containing IL-modified
linkers were reported by Xue et al. [166] and Ding et al. [155]. Shown
in Fig. 29 IL;MOF was obtained by bonding 1-(1-methyl-3-imidazolio)-
propane-3-sulfonate zwitterion with 4,4’-biphenyl-dicarboxylate acid
(H2BPDC) and incorporation of this linker into MOF containing Zrtt
nodes during typical solvothermal reaction. The structure of IL;MOF
was confirmed by powder X-ray diffraction to be analogous with UiO-67
(a MOF with H,BPDC linker), however the structure changed from in-
dividual UiO-67 crystals to intergrown aggregates of crystals with lower
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10 min i 20 min i " 30 min ’

Fig. 37. Morphology changes of [Zn(BDC)(H20)], structures synthesized for various reaction times (reproduced from [185]). Morphology from left: nanobelts,

nanosheets, oval nanosheets, microcrystals and irregular nanosheets.

BET surface area. However, incorporation of an imidazolium-derived
linker containing a shorter side chain, regular octahedral shape of IL-
modified MOF particles was obtained [155].

With reference to the above examples, another approach can also be
taken to use ILs in synthesizing MOFs, namely dipping and soaking the
MOFs in a solution containing ILs (impregnation or encapsulation). IL
simply penetrates the pores of the MOFs, as evidenced by the reduced
surface area values. However, after subsequent washing procedures,
only a thin layer or trace amounts of ILs remain on the surface of MOFs,
which do not necessarily significantly reduce the surface development.
This method affects properties such as ionic conductivity [167], gas
separation abilities [162,168], adhesive abilities [157] or chemical and
thermal stability [169], but is not supposed to significantly change the
morphology of the structure (Fig. 30). However, de Trindade et al. re-
ported that impregnation of UiO-66 with following ILs - 3-triethylammo-
nium propane sulfonic hydrogensulfate TEA-[PS][HSO4], 1-
butylimidazole hydrogensulfate [BIM][HSO4] and 1-butyl-3-methylimi-
dazolium hydrogensulfate [BMIM][HSO4] - results in partial separation
of agglomerated particles and slight enlargement of single cubes [169].
It has been observed that an increase in the amount of these ILs is
associated with a concomitant decrease in the pH of the reaction me-
dium, allowing them to act as structural modulators.

The effect of ionic liquids based on 1-alkyl-3-methylimidazolium
cations combined with halide anions on the structure and properties
of MOFs is most commonly discussed in the literature [160,163,165].
The ILs can play an important role both during and after MOFs synthesis
as summarized below. Primarily, ILs can be utilized as a reaction me-
dium - individual or co-solvent [159,170], emulsion phase [158,161] or
electrolyte [160,164]. Thereby, ionic liquids can significantly influence
the shape of the product [163,165]. Their high viscosity makes particle
movement much more difficult, and steric stabilization prevents ag-
gregation, thus limiting the size of the MOF. Meanwhile, encapsulation
[157,169] or linker’s modification - performed pre- [155,166] or post-
synthetically [166,171] - are reported to improve physicochemical
properties of MOFs and influence the specific surface area without sig-
nificant change of morphology. In many cases significantly decreased
values of surface area can be observed for samples synthesized/treated
with ILs because IL’s ions occupy the open pores of MOF [161,166].

4.6. Effect of microwave

Microwave is an electromagnetic radiation with frequency shifting
from 300 MHz to 600 GHz and could be combined with known synthesis
strategy to shorter preparation time due to interaction of electromag-
netic waves with polar solvents and/or ions in reaction environment. Lu
et al. [172] reported microwave assisted solvothermal synthesis of MOF-
5 and revealed that 30 min of reaction was sufficient to obtain the
product. Obtained MOF-5 were cubic in shape with dimensions in the
range of 5-10 pm and had more uniform and structured morphology
(Fig. 31), than structures obtained by standard refluxing method, which
required more than 4 h of conducting the reaction. In the work [30], the
effect of various parameters of microwave synthesis of MOF-5 such as
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microwave power, irradiation time, temperature, solvent concentration,
and substrate composition on the morphology of MOF-5 were examined.
Using a microwave MOF-5 had morphology of single phase cubic crys-
tals 20-25 pm in size, which was 20 times smaller than the same ma-
terials obtained using conventional convection heating (ca. 500 pm).
The increase in temperature, power level and substrate concentration
mainly promoted the reduction of synthesis time and improvement of
crystal quality. With the lengthening of the reaction time, the quality of
the crystals deteriorated and more surface defects were formed, but the
cubic morphology was preserved.

Combination of microwave with sonification provided similar results
[173]. MOEF-5 structures were obtained with the morphology of typical
cubic crystals (approximate dimensions of 5-15 pm), however, a more
regulated cubic shape compared to those synthesized by classical hy-
drothermal synthesis (Fig. 32). Furthermore, approximately 10 times
reduction in particle size was also observed for MOF-5 materials ob-
tained by hybrid approach. Further reduction in particle size was
possible through increasing ultrasonic bath temperature and sonication
time. Such observation is common among crystals synthesized with the
assistance of microwave or ultrasonic energy, where application of those
methods promotes uniform and fast nucleation [174,175].

In other work [176], application of microwaves caused significantly
smaller hexagonal column structured particles of Co-MOF-74 than the
same materials obtained under conventional solvothermal method.
Conventional solvothermal method enabled formation of particles with
dimension such as approximately 300 pm long and 70 pm wide, while
particles synthesized under microwave assisted solvothermal route were
approximately 50 pm long and 8 pm wide (Fig. 32), which was observed
due to limitation of particle growth by short reaction time, while
nucleation is not hindered.

On the other hand, under the microwave conditions of synthesis, the
addition of e.g. surfactants affected the morphology of MOFs. Micro-
waves and presence of surfactants had a pronounced effect on the size
and morphology of MOFs. It was found that the surface layers of the
crystals could incorporate the surfactants, provided that there was a
degree of complementarity between the charge and size of the guest ions
and interstices in the structure of the crystal boundary layers [177].
Furthermore, studying the microwave synthesis parameters (tempera-
ture and time) with the presence of surfactants enabled MOFs
morphology transformation. With the increase of temperature from 120
to 160 °C and time from 5 to 30 min and presence of SDS, transformation
of Co-MOF nanosheets/nanoplates into larger multilayered microcubes
was observed (Fig. 33). When the temperature and reaction time
reached 180°C and 30 min growth of the microcubes into larger mi-
crocrystals was observed. The addition of the CTAB surfactant and
changing temperature from 120 to 160 °C and time from 5 to 30 min
caused differences in the size and morphology of the Co-MOFs, namely
morphology varied from small nanosheets to the layered microrods. The
application of P123 surfactant during this synthesis method yielded
aggregated nanorods. Importantly, MOFs synthesized with the addition
of a surfactant had highly porous nanostructures, whereas samples
synthesized without a surfactant had less porous nanostructures.
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Summary of factors, their effect on the MOFs’ morphology and correlation with the mechanisms responsible for morphology control.

Factor

MOFs feature

The most probable type of mechanism controlling morphology

Effect of pH of the reaction environment

PH of reaction mixture (alkaline
modulator)

PH of reaction mixture (acidic

modulator)
appropriate acid-base equilibrium

unsuitable alkalinity/acidity of the
reaction system

small amount of alkaline modulator

too high pH of the system (too much

alkaline modulator)

PH of the etchant solution

alkaline modulator

acidic modulator (organic)

size
shape

shape

crystals of the desired shape

reappearance of larger crystals, formation of amorphous
materials, decrease of the crystal anisotropy, change of the
specific MOF structure to other phase structures,
formation of infinite coordination polymer particles,

size,

morphology of the crystals not affected,

lower crystallinity,

disordered structure,

larger size

surface area

surface defects

change in the dimensions of the crystals (e.g. bigger crystals
leading to narrower size distribution.)

size

deprotonation of the linker according to Mechanism II,

acceleration of the crystal’s nucleation rate,

slowing the growth phase,

protonation of the linker according to the protonation/deprotonation
mechanism (Mechanism II),

adjusting the nucleation rate,

formation of the thermodynamically favorable MOF crystals of the
desired shape,

affecting the crystallization rate,

deprotonation of the linker according to Mechanism II,

acceleration of the crystal’s nucleation rate,

prevention of aggregation,

competition of the modulators and linkers for coordination to metal
ions (Mechanism I), accompanied by an extremely fast nucleation rate,

wet chemical etching

due to changes in the supersaturation of the reaction solution after the
addition of the alkaline modulator (e.g. relatively slow nucleation is
followed by fast particle growth,

capping ability (mode of action similar to Mechanism III)

Functionality of the additive

modulator with the same functionality
as linker

simultaneous modulation by additives
with different functionalities (both
acidic and basic)

size — smaller particles
shape

shape

competition of the modulators and linkers for coordination to metal
ions (Mechanism I),

improvement of crystallinity,

prevention of aggregation,

competition of the modulators and linkers for coordination to metal
ions (Mechanism I) resulting in growth in certain direction,

Temperature

changes of the temperature conditions

higher temperature

too high temperature

lower temperature

gradual/smooth or sudden change of shape, thickness, size, the

surface area, or the porosity of the structure
particle size;

surface area;

increase in the the amount of impurities;
smoother the edges;

smaller surface area;

possible shape change;

shape deformation

size;

surface area:

polydisperse crystals;

changes in kinetics of particle nucleation and growth,

faster nucleation (more and smaller crystallites);
easier to exceed the activation energy of product formation;
lowering of solution viscosity (faster diffusion);

smoothing the edges

slower nucleation;
stimulation of crystal growth;

rate of cooling shape control of crystal growth kinetics;
Solvent
solvent molecules can take part in the coordination of metal ions;
solvent . e . .
(general) shape different solubility of precursors in solvents or mixture of solvents;
8 solvent can affect the way the linker is coordinated with the metal;
solvent . . .
size of channel, pore size/volume solvent molecules can be guests in the pores;
(general)
solvent size olari
(general) P ty
. size -
solvent concentration rate of crystallization;
defects

Specific solvent
DMF

during heating, DMF decomposes into dimethylamine, and formic
acid;

dimethylamine deprotonates linker (Mechanism II), which interact
with metal ions to form SBUs and bonds between these MOFs
fragments;

formic acid acts as a modulator (Mechanism I) of the resulting
backbone;
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Factor MOFs feature

The most probable type of mechanism controlling morphology

Precursor

type of precursor salt
molar ratios of two metals’ cations that
form MOFs

shape, size of crystals
shape of MOFs

reactivity of these salts (soft acid M™" and hard or soft base)
affinity/competition to react with linker

Surfactant

type of surfactants

surfactant functionality (-COOH group)  size, shape

concentration of surfactants shape
aspect ratio

size
shape
hierarchical structure

concentration of surfactants

type and concentration of surfactants

size, shape, porosity and aggregation tendency of the crystals

Mechanism IIT

stabilizing surface atoms and lowering their surface energy;
formation of a physical barrier to atom deposition/diffusion which
affects the kinetics of crystal growth;

simultaneous promotion of growth of a particular MOF’s facet and
inhibition of another;

changing the crystal nucleation rate by forming competitive
interactions with the metal precursor (Mechanism D);

Mechanism I

modulation of the thermodynamic stability of the growing facets
(selective interaction with the MOF’s specific facets)

different growth speed in different directions

aggregation, formation of the soft templates (micelles,
microemulsions) for MOF’s growth

through MOF self-organization using surfactant micelles

Ionic liquids

ionic liquid type shape

size
shape

ionic liquid type

ionic liquid concentration
ionic liquid less agglomerated structures
size

structuring activity,
template for MOF’s growth,
surface activity, thereby stabilization of microemulsion

template for MOF’s growth,

high viscosity of ILs makes particle movement much more difficult,
steric stabilization,

electrostatic stabilization,

Method of energy supply

microwave
microwave
prolonged application of microwave

more uniform and structured morphology
size

defect formations

morphology distortion

ultrasounds size
ultrasound irradiation time shape
size

uniform and fast nucleation

limitation of particle growth by short reaction time

regulation of kinetics of nucleation and growing process (Mechanism

1V);

promoting fast nucleation;

affecting nucleation due to extremely local temperature and pressure
extended time causes one structure transformation into other structure
due to weak binding interactions between 2D coordination polymers

In some cases, the modulator’s effect is only visible under microwave
assisted synthesis conditions. Umemura et al. [149] reported control
over the morphology by applying different amounts of lauric acid (LA)
playing the role of the modulator under microwave conditions. Increase
in concentration of the modulator resulted in transformation of
[Cus3(BTC)2]n morphology from octahedron through cuboctahedron to
cube as shown in Fig. 34. They also studied the mechanism of presented
morphology transformation by coarse-grain modeling. It was proposed
that modulator was acting as a growth-blocking agent on the site type
FOUR, which led to the lowered crystal growth in the (100) directions,
while preorganized SBU were controlled by the modulator concentra-
tion which influenced on the reaction kinetics in the form of creation of
coordination bond between copper and BTC oriented in the (111) di-
rections. As a result of faster reaction of BTC from copper complexes in
comparison with copper nitrate the growth in the (111) directions was
accelerated, which caused formation of (100) facets.

Xu et al. [178] proposed the method of controlling the morphology
of [Cug(BTC)2], by using polyoxometalates as coordination modulators.
It was found that without or low addition of polyoxometalates (POMs) to
the reaction medium caused formation of ill-defined worm-like parti-
cles. With increasing amounts of sodium phosphotungstate (NaPW)
morphology of [Cus(BTC)2], turned firstly to nanooctahedrons and
through solid octahedral with different truncated degree to even
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hierarchical spheres (Fig. 35). They also studied the role of POM in
morphology change. Without or small addition of POM caused poor
kinetic control over large quantities of free metal cations and organic
ligands in the reaction environment. With the proper amount of coor-
dination modulator separation of nucleation and growth processes was
achieved. During microwave-assisted synthesis, acidic modulators can
also be used as modulators, such as formic, acetic, nitic, hydrochloric,
citric, succinic, dichloroacetic and propionic acid, which also affect the
shape and size of MOFs [179,180].

Ma et al. [181] proposed microwave synthesis of MIL-88B-Fe and
NH,-MIL-88B and by changing the reaction conditions, the morphology
variation was achieved. They studied the influence of time, temperature
and mother solution concentration on morphologies of MIL-88B-Fe. In
this case, an increase of reaction time did have influence on the MIL-
88B-Fe morphology while increasing the synthesis temperature
improved yield and the crystallinity of MOFs. Small variations of crystal
size and morphology were observed with changing Fe*/H,BDC/DMF
molar.

Microwave assistance during MOFs synthesis can influence not only
on mentioned above aspects but also on the yield of synthesis. Liu et al.
[182] found that the yield of microwave synthesis of Zr-fum-fcu-MOF is
higher compared with the yield of solvothermal synthesis (applying the
same temperature and modulator amount while the microwave
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synthesis time was reduced to 1 h).

Concluding, microwaves are employed mostly to shorten reaction
time, since prolonged application of microwaves resulted in defect for-
mations and morphology distortion of MOFs. Shape and size of MOFs
could be controlled by jointly usage of microwave with other factors, e.
g. surfactants or other additives.

4.7. Effect of ultrasounds

Ultrasounds are sound waves with frequencies greater than 20 kHz
and inaudible for humans and could be another form of energy supplied
to the reaction system to realize synthesis of materials including MOFs.
Application of ultrasounds during synthesis resulted in extremely high
local temperature and pressure generated in liquid phase (~5000 K and
over 1000 atm) due to cavitation phenomena, thus synthesis could be
realized in a short period of time but in extreme conditions. Ultrasonic
power, reaction time and temperature could affect the morphology and
size of the MOFs crystal [183]. Son et al. proposed synthesis of MOF-5
using a sonochemical method, which allowed the synthesis of this
MOF in a shorter time (ca. 30 min) when compared with conventional
solvothermal synthesis (24 h) [184]. More importantly, the use of the
sonochemical method influenced the morphology of synthesized cubic
crystals of MOF-5. Cubic crystals of MOF-5 obtained by sonochemical
method had the size of 5-25 pm, which was approximately 60 times
smaller than MOF-5 synthesized using solvothermal synthesis (ca.
900 pm) (Fig. 36).

Studying the ultrasound irradiation time by Li et al. [185] enabled to
obtain MOF-1 [Zn(BDC)(H20)]l, with different morphologies, i.e.
nanobelts, nanosheets, and microcrystals as shown in Fig. 37. Nanobelts
150-300 nm wide and 2-5 pm long were obtained by running the re-
action for 10 min. Increasing the reaction time to 20 min led to forma-
tion of nanosheets with a morphology of regular squares ranging in size
from 500 nm to 2 pm. Further increasing the reaction time to 60 min
caused the formation of microcrystals with up to 10 pm in size instead of
nanosheets. Further extension of the reaction time to 90 min again
allowed the formation of nanosheets, but of irregular size and shape. It
has been proposed that prolonged ultrasonic time causes microcrystals
to be destroyed and transformed into nanosheets due to weak binding
interactions between 2D coordination polymers.

Khan and Jhung [122] studied the Cu3(BTC)3(H20)3 morphology in
relation to the environment and parameters of ultrasound synthesis.
Small and homogeneous structures can be obtained in a short reaction
time of 1 min. Further increase in synthesis time to 60 min caused ag-
gregation of particles. They also reported about the role of DMF contents
in the solvent system during the synthesis, where too much DMF addi-
tion influenced the aggregation of Cu-BTC crystals due to condensation
of terminal functional group of Cu-BTC crystals while with too low DMF
concentration formation of Cu-BTC is reduced due to surely low
deprotonation rate. MOF obtained by ultrasonic radiation had higher
surface area and pore volume, and smaller particles compared to con-
ventional heating or microwave synthesis, even performed at higher
temperature, but without addition of DMF. Jung et al. [186] also
compared properties of MOF-177 synthesized by using sonochemical
and microwave methods. Sonochemical route enabled formation of
crystals in the size range of 5-20 ym while crystals from microwave
synthesis under similar conditions had 5-50 pm and exhibited inferior
crystallinity. The latest research also confirms the above-mentioned ef-
fects of ultrasound-assisted synthesis on the rate of synthesis,
morphology and other properties (e.g. higher BET surface area, higher
defect-site contents, smaller particle size and higher porosity)
[187-190].

5. Conclusions

A constantly growing number of papers on the preparation of MOFs,
both new MOFs, obtained by a new approach in synthesis route or just
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for new application, requires the organization of knowledge in the field
of control of their morphology throughout the synthesis path. Mostly,
MOFs are obtained using solvothermal synthesis or temperature-
mediated synthesis in solvents and these access allows to affect shape,
size, porosity through careful control of reaction mixture content (pre-
cursors types, amounts, ratio, solvent types and ratio, and other addi-
tives) and synthesis parameters (temperature, heating rate and duration,
heating source, etc.). Table 3. organizes and summarizes mechanisms
employed in the morphology control, as well as, factors affecting MOFs
morphology, which are discussed in our manuscript and are evidenced
in available literature. In the synthesized process, the morphologies of
MOF materials were adjusted through synergistic effects of the solvents,
surfactants and concentrations etc.

Concluding, the review presents main mechanisms describing for-
mation of MOFs during synthesis and affecting their final morphology.
We are convinced that better understanding of these mechanisms and
synthesis of MOFs with desired morphology brings us closer to con-
trolling other features — depending on the morphology- and will be
useful for the design of MOFs.
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