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Soft seed-mediated dimensional control of
metal—organic framework nanocrystals through
oil-in-water microemulsions¥}

Jaedeok Lee,}? Suhyeon Park,1® Seojeong Woo,? Cheongwon Bae,? Yuri Jeon,?

Mingyu Gu,? Jeongeon Kim,? Yeram Kim,? Sang Yong Nam, (2 ® Jong Hwa Jung
and Juyeong Kim (=) *?

a

Metal-organic framework (MOF) nanocrystals with high surface area and morphological tunability have
shown great potential for a wide range of industrial applications when compared with their bulk counter-
parts. However, achieving environment-friendly synthesis of MOF nanocrystals with minimal use of hazar-
dous chemicals and low energy consumption remains a significant challenge. Herein, we developed a
soft seed-mediated approach to synthesise nanocrystals of zeolitic imidazolate frameworks (ZIFs) in water
without any assistance of chemical additives such as surfactants and organic solvents. An oil-in-water
microemulsion, made from a trace amount of oil with water, was introduced to the reaction medium as
the soft seed, and precise size control of ZIF-8 crystals from nanometres to micrometres was enabled by
varying the volume of the oil-in-water microemulsion. Scanning electron microscopy and cryo-trans-
mission electron microscopy analyses of the reaction intermediates revealed that the surface of the oil-
in-water microemulsion functions as a nucleation site for ZIF-8 crystals, which dissipates over time.
Furthermore, aromatic compounds with different numbers and lengths of alkyl chains for the oil phase
were used to examine the chemical effect of the oil-in-water microemulsion on ZIF-8 crystal size, which
led to fine-size control of ZIF-8 nanocrystals. Our microemulsion-induced synthesis could also be used
to dimensionally control ZIF-67 crystals as well as ZIF-derived hollow nanostructures. ZIF-8 nanocrystals
in our work exhibited enhanced catalytic activity for Knoevenagel condensation and dye adsorptivity with
methyl orange and rhodamine B. We anticipate that our soft seed-mediated method will help improve the
efficiency of MOF nanocrystal production for industrial applications.

cal affinity.’® However, little effort has been devoted to explain-
ing the unique features of MOFs that can be derived from

Metal-organic frameworks (MOFs), composed of metal ions
and organic linkers in porous crystallinity, have attracted sig-
nificant interest for numerous applications, including
adsorption,'™ separation,*® catalysis,”® drug delivery,'® >
and electronics'®™®, owing to their high surface area and
structural tunability. Tremendous effort to produce novel
microporous structures has been made by associating various
organic ligands with metal ions, creating a comprehensive
library of MOFs with diverse micropore size, shape and chemi-
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differences in their nanoscale crystal size and shape, for which
molecular-level structural differences may not be responsible.
Recent reports reveal that the properties of MOF crystals
can have great dependency on the size'”™® and crystal
facet.”**®* For example, when the bulk size of Fe(TA), (TA =
1,2,3-triazolate) was reduced to 25 nm, the electronic conduc-
tivity was enhanced by ~100-fold.>® This was because thin
films of MOF nanocrystals could be densely packed in contrast
to bulk crystals. Compared to that in micron-sized crystals, the
gas adsorption kinetics in {[Zn(ip)(bpy)]}. (ip = isophthalate,
bpy = 4,4"-bipyridyl) could be significantly enhanced with
nanocrystals of a few nanometres.>* In addition, photoinduced
force microscopy showed that molecular adsorption with for-
maldehyde was dependent on the MOF surface facet. Gas
adsorption with formaldehyde in zeolitic imidazolate frame-
work-8 (ZIF-8) preferentially occurred at high-energy crystal
facets such as edges and corners, {310} > {111} > {210} > {211}
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> {110} ~ {100}.>” In this regard, a comprehensive investigation
of MOF characteristics in the nanoscopic regime and the
establishment of a nanoscale morphology-property relation-
ship would mitigate the current limitations in the molecular-
level modulation of MOFs and facilitate the discovery of suit-
able MOF properties best suited for specific industrial
applications.

Several synthesis strategies have been conventionally used
to control the dimensions of MOFs and produce MOF nano-
crystals: (i) optimising complex reaction parameters such as
MOF precursors or chemical additive concentrations, solvent
polarity and reaction temperature; (ii) applying intense energy
with microwave or ultrasound; and (iii) limiting reaction space
with microreactors.'®?°?® Although these methods allowed
dimensional engineering of MOFs, potential drawbacks to the
efficiency and universality of synthesis include the time spent
optimising acceptable reaction parameters, the excessive use
of an energy source and the application of a substantial quan-
tity of organic solvents. For example, chemical additives such
as cetrimonium bromide (CTAB) are widely used to modify the
morphology of ZIF-8 crystals.>*° An increase in the CTAB con-
centration allows their size reduction, while unavoidable shape
change simultaneously occurs from a rhombic dodecahedron
to a simple cube. CTAB molecules may also remain on the
surface and inside a pore, requiring an additional removal
process. Moreover, in contrast to the thermodynamic control
provided by a hydrothermal reaction, the intense energy
supply with microwaves or ultrasound could facilitate kinetic
control of MOF synthesis and the formation of MOF nanocrys-
tals in a shorter reaction time.*'"** However, it causes excessive
energy consumption and potential damage to the MOF crystal
surface and structure.®® Lastly, the confined reaction space
from using a water-in-oil droplet requires surfactant molecules
to stabilise the droplet as well as a large amount of organic
solvent,***® which may result in unwanted chemical waste.

Herein, we demonstrate an environment-friendly universal
methodology to control MOF crystal dimensions from nano-
metres to micrometres only by introducing an oil-in-water
microemulsion, totally differentiated from the conventional
approaches involving excessive chemical additives, intensive
energy supply and water-in-oil confined synthesis. In particu-
lar, surfactant-free oil-in-water microemulsions have not been
used for MOF synthesis to the best of our knowledge, whereas
water-in-oil droplets as a reverse phase were previously
reported as a way to reduce MOF crystal size.*>® Using an oil-in-
water microemulsion, made from a trace amount of oil with
water, we produced ZIF nanocrystals with rhombic dodecahe-
dral geometry and excellent size control. In our emulsion-
mediated synthesis, the oil-in-water microemulsion was used
as a nucleation site to guide ZIF formation through a hetero-
geneous nucleation route. Although seeded-growth synthesis is
frequently used to produce metal nanocrystals with different
shapes,®”® it is rarely adopted for MOF nanocrystals. The few
examples of heterogeneous MOF nucleation and growth are
limited to MOF film growth on a substrate and hybrid metal
core-MOF shell structures.>**? Furthermore, our oil-in-water
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microemulsion gradually disappeared over time and was not
combined with the final ZIF nanocrystals, serving as a sacrifi-
cing seed. The bulk of seeded growths with hard seed
materials may not segregate the overgrown material from the
seed, but our self-sacrificing seed would not interfere with the
growth process of ZIFs.

In addition, using different alkyl benzene derivatives as the
oil phase, we investigated the chemical effects of oil-in-water
microemulsions on the dimensional control of ZIFs, enabling
fine-nanoscale size modulation. We also discovered that our
soft seed-mediated synthesis was applicable to ZIFs with
different metal centres, ZIF-8 and ZIF-67, to further improve
dimensional control when producing hollow ZIF nano-
structures. Using Knoevenagel condensation with benz-
aldehyde and dye adsorption with methyl orange and rhoda-
mine B, it was proved that the properties of ZIF-8 are size-
dependent, with smaller ZIF-8 nanocrystals demonstrating
substantial catalytic activity and adsorption capacity.

Results and discussion

An aqueous solution of zinc nitrate and 2-methylimidazole
was mixed with an oil-in-water microemulsion to initiate the
synthesis of ZIF-8 nanocrystals at room temperature (Fig. 1a).
The oil-in-water microemulsion was prepared by vigorously agi-
tating o-xylene and deionised water and subsequently injected
into the reaction solution with ZIF-8 precursors. The volume
fraction of xylene in the mixture solution was varied from 0%
to 0.33% (see details in the ESIt). The addition of the micro-
emulsion caused a significant decrease in ZIF-8 crystal size,
from 2884 + 384 nm without the microemulsion to 1600 *
203 nm with 0.01% xylene, 272 + 59 nm with 0.10% xylene and
166 + 43 nm with 0.33% xylene (Fig. 1b-f and S1, ESIY). It has
been generally reported that a 3 h reaction time is required to
synthesise ZIF-8 in water,*>** while our synthesis with a 0.10%
xylene microemulsion allowed much more rapid formation of
ZIF-8 nanocrystals within ~5 min of stirring (Fig. S2 and S3,
ESIT). The product yield after the 3 h reaction increased with
higher xylene volume ratios, from 33% without the micro-
emulsion to 34% with 0.01% xylene, 77% with 0.10% xylene
and 90% with 0.33% xylene. Note that our method was opti-
mised on a small scale, and multiple batches of the product at
each condition were collected to obtain reliable yield data.
After the reaction was terminated, the remaining xylene could
be segregated from the milky production solution (Fig. S4,
ESIT). Without the microemulsion, ZIF-8 crystals exhibited a
rhombic dodecahedral shape and rough surfaces (Fig. 1b).
When produced with 0.01% xylene, the crystal facets became
smooth (Fig. 1c). As the volume ratio of xylene increased to
0.10%, the ZIF-8 nanocrystal restored its previous structure
with defined edges and vertices (Fig. 1d). With 0.33% xylene,
ZIF-8 nanocrystals of atypical rhombic dodecahedral shape
were generated (Fig. 1e). Because of their thermodynamically
stable thombic dodecahedral shape with 12 {110} faces,*
ZIF-8 nanocrystals synthesised with 0.01% and 0.33% xylene
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Fig. 1 (a) Schematic representation of oil-in-water microemulsion-mediated ZIF-8 nanocrystal formation (pale blue sphere: Zn?* ion, dark red pen-
tagon: 2-methylimidazole, gray sphere: microemulsion and gray emerald rhombic dodecahedron: ZIF-8). (b—e) SEM images of ZIF-8 crystals gener-
ated by the addition of microemulsions with different xylene volume ratios (b: 0%, c: 0.01%, d: 0.10% and e: 0.33%). (f) Length distribution histo-
grams for ZIF-8 crystals with different xylene volume ratios (light green: 0%, green: 0.01%, dark green: 0.10% and black: 0.33%). (g) XRD patterns of

ZIF-8 crystals with different xylene volume ratios (light green: 0%, green:

0.01%, dark green: 0.10% and black: 0.33%). (h) Isothermal linear plots for

N, adsorption and desorption with ZIF-8 crystals with different xylene volume ratios (light green: 0%, green: 0.01%, dark green: 0.10% and black:

0.33%). Scale bar: 100 nm for the inset images in (d) and (e).

could be recognised as intermediate shapes. As the micro-
metre-scale crystal was produced with 0.01% xylene (Fig. 1c),
the thermodynamically controlled growth of ZIF-8 is regarded
as dominating. Thus, a shortage of ZIF-8 precursors led to the
formation of a pseudo-rhombic dodecahedral morphology,
which could have further transformed into the equilibrium
rhombic dodecahedral morphology. On the other hand, ZIF-8
nanocrystals with distorted morphology were generated with
0.33% xylene (Fig. 1e). As the volume of xylene increased ~3
times over that of 0.10% xylene, it was anticipated that high-
density microemulsions would have greater spatial contact
with ZIF-8 nanocrystals during the growth process, preventing
the equilibrium crystal facet growth of the rhombic dodecahe-
dral morphology. Furthermore, we attempted a scale-up reac-
tion with 0.10% xylene for bulk synthesis (Fig. S5, ESIf). The
scale-up was conducted with volumes of 6 mL (fourfold scale-
up), 12 mL (eightfold scale-up) and 60 mL (fortyfold scale-up).
The size of the ZIF-8 crystals was measured as 464 + 105 nm
for the 6 mL scale-up, 573 + 106 nm for the 12 mL scale-up
and 477 + 127 nm for the 60 mL scale-up. In contrast to the
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original scale synthesis, the particle size from the scale-up
reactions was rather increased by a factor of approximately 2.
The particle morphology became more irregular in shape than
that of the rhombic dodecahedron. We consider that further
engineering will be needed for large-scale synthesis.

Fig. 1g presents X-ray diffraction (XRD) data obtained for
ZIF-8 under each condition. Despite the addition of a micro-
emulsion during synthesis, all resultant crystals exhibited the
characteristic peaks of ZIF-8 (7.3° for {011}, 10.3° for {002} and
12.7° for {011}),** indicating a high degree of porous crystalli-
nity. The dried ZIF-8 crystals were pretreated under vacuum at
200 °C for 6 h before measuring the specific surface area.
Using the Brunauer-Emmett-Teller method, it was observed
that the specific surface area of ZIF-8 crystals increased from
1212 m” g7 in the absence of the microemulsion to 1257 m>
¢! with 0.01% xylene, 1279 m* g~ with 0.10% xylene and
1298 m?> ¢~! with 0.33% of xylene (Fig. 1h and Table S1, ESI{).
This was attributed to an increase in the interparticle spacing
area as ZIF nanocrystals became smaller, which led to an
increase in N, adsorption-desorption signals at high relative

This journal is © the Partner Organisations 2023
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pressures. The total pore volume with 0.10% xylene increased
twofold compared with that without the microemulsion due to
the increased interparticle spacing with smaller ZIF-8 crystals
(Table S1, ESIt). In addition, thermogravimetric analysis (TGA)
and elemental analysis were conducted for ZIF-8 crystals with
and without 0.10% xylene (Fig. S6 and Table S2, ESIf). It
appeared that there could be more guest molecules present in
ZIF-8 crystals with 0.10% xylene. Their TGA curve showed a
greater reduction in weight percent between 100 and 300 °C
than that of those synthesised without microemulsion (Fig. S6,
ESIT). Moreover, the elemental analysis displayed a greater pro-
portion of C (54.453%) and H (6.6839%) for ZIF-8 crystals with
0.10% xylene than for those synthesised without the micro-
emulsion (C: 40.189% and H: 4.2539%). We employ an oil-in-
water microemulsion strategy as opposed to the conventional
water-in-oil emulsion which is composed of surfactant-stabil-
ised water droplets. It has been demonstrated that the water-
in-oil emulsion enhances the formation of ZIF-8 nanocrystals
by keeping the aqueous precursors, 2-methylimidazole and
zinc nitrate inside the spatially confined water phase of the
emulsion.® On the other hand, the oil-in-water microemulsion
used in our method does not function as a spatially confined
microreactor, since the ZIF-8 precursors are not dissolved in
the confined oil phase. This still permits precise size control
of ZIF-8 crystals.

To elucidate our oil-in-water-induced synthesis of ZIF-8
nanocrystals, we studied the physical behaviour of an oil-in-
water microemulsion by optical microscopy (Fig. 2a and b) and
the formation process of ZIF-8 crystals at the early stages of
synthesis by scanning electron microscopy (SEM) (Fig. 2c and
d). Note that a benzene-based oil-in-water microemulsion was
utilised as a comparison (Fig. S7, ESIt), in which ZIF-8 crystals
formed with 0.10% benzene were still as large as 2428 +
383 nm in contrast to significant size reduction with 0.10%
xylene. Although benzene is highly non-polar, its water solubi-
lity is approximately 10-fold higher than that of xylene. A
benzene-based microemulsion could be formed in much
smaller quantities and could be less stable than a xylene-based
microemulsion. First of all, both benzene- and xylene-based
microemulsion solutions exhibited macroscopically noticeable
droplets that gradually dissipated over time (Fig. 2a, b and
Movies S1, S2, ESIt). Xylene-based microemulsion solutions
disperse light more than benzene-based solutions, indicating
a higher density of microemulsion droplets in the solution.
The optical micrographs validate the conclusion that the
benzene-based microemulsion solution presented few emul-
sion droplets, whereas the xylene-based solution contained
numerous emulsion droplets. In addition, xylene-based micro-
emulsion solutions with different xylene volume ratios from
0.10 to 3.33% displayed more droplet scattering with higher
xylene ratios, while immediate coalescence of the micro-
emulsions was seen with a ratio of 3.33%, the highest xylene
ratio (Movie S3, ESIt). Excessive density of xylene-based micro-
emulsions led to the rapid fusion of emulsion; thus, the
higher xylene ratios over 1.00% were not effective in our ZIF-8
nanocrystal formation.

This journal is © the Partner Organisations 2023
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Fig. 2 Time-lapse photographs (top) and optical microscopy images
(bottom) of (a) the 0.10% xylene-based microemulsion and (b) the 0.10%
benzene-based microemulsion. Ex situ SEM images of ZIF-8 crystals
captured at 3 min of reaction by (c) the 0.10% xylene-based micro-
emulsion and (d) the 0.10% benzene-based microemulsion. (e)
Schematics of microemulsion-mediated nucleation and growth of ZIF-8
crystals (pale blue sphere: Zn?* ion, dark red pentagon: 2-methyl-
imidazole, gray sphere: microemulsion and gray emerald rhombic dode-
cahedron: ZIF-8). Scale bar: 1 um for the inset images in (c) and (d).

We further studied the influence of microemulsion density
on ZIF-8 crystal growth from 1 to 5 min of reaction using SEM
(Fig. 2¢, d and S8, ESI}). To preserve the pristine state of the
samples, an aliquot (10 pL) was collected every minute from
the reaction solution and placed on a Si wafer. Then, it was
rapidly dried under vacuum. We examined the macroscopic
arrangement of ZIF-8 crystal intermediates to figure out micro-
emulsion-involved changes on ZIF-8 formation. Deposition
patterns of early-stage ZIF-8 intermediates up to 2 min were
similar to each other with both xylene-based and benzene-
based microemulsions used. However, after 3 min of reaction,
distinct changes in the macroscopic arrangement of ZIF-8
intermediates were observed as aggregates preserving a hemi-
spherical shape with xylene-based microemulsions (Fig. 2c) in
contrast to flat aggregate deposition with benzene-based
microemulsions (Fig. 2d). As ZIF-8 crystal growth progressed,
such curved patterns were clearly recognised throughout a
large region with xylene-based microemulsions (Fig. S8, ESIT).
Moreover, using cryogenic transmission electron microscopy
(cryo-TEM), we investigated the reaction solution with 0.10%
xylene-based microemulsions frozen at a very early stage (see
specimen preparation in the ESI{). The cryo-TEM images
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showed that small particles were present around a micro-
emulsion droplet (Fig. S9, ESIt). We supposed that the aggre-
gates were most likely ZIF-8 intermediates formed via rapid
nucleation at the microemulsion interfaces.

Based on our electron microscopy analyses, we could
suggest the formation mechanism for ZIF-8 nanocrystals
induced by the oil-in-water microemulsion (Fig. 2e). ZIF-8
crystal nucleation could occur preferentially in the vicinity of
xylene-based microemulsions, which would explain why most
of the ZIF-8 intermediates appeared as though enclosing a
spherical object. This was attributed the oil-in-water micro-
emulsion being able to accelerate the formation of ZIF-8
nuclei by reducing the surface tension of the reaction medium
at the interface of the microemulsion droplet.*” At the same
time, an increase in the concentration of 2-methylimidazolate
could occur at the oil/water interface (Fig. 10, ESIT). Although
2-methylimidazolate after being deprotonated is hardly soluble
in xylene due to the large difference in polarity, it may be
attracted to the surface of the microemulsion because of its
aromatic ring that can have van der Waals attraction with
xylene of the microemulsion.’® Locally concentrated ligands
near the microemulsion would promote the formation of ZIF-8
nuclei compared to the bulk solution.?” In recent studies, the
manipulation of nucleation processes of MOF crystals by
increasing the initial reactant concentrations helped control
the size of MOF crystals.*® However, excessive reactant concen-
trations can hinder the crystal growth and crystallisation of
MOFs during the reaction.*” In our investigation, the micro-
emulsion accelerated the nucleation process of ZIF-8 crystals,
resulting in rapid reactant consumption as well as shortened
growth. As the ZIF-8 growth proceeds, the microemulsion
gradually dissipates, resulting in only ZIF-8 nanocrystals. In
this regard, our oil-in-water microemulsion serves as a sacrifice
seed whose primary aim is to promote the nucleation of ZIF-8.
This soft seed-mediated approach is differentiated from con-
ventional seeded-growth methods, where the seeds are gener-
ally incorporated in the final structure such as seed-grown an-
isotropic gold nanoparticles’” and MOF-on-MOF hybrid struc-
tures.>® Note that dissolution of xylene from the oil-in-water
microemulsion into water would not disrupt our suggested for-
mation mechanism because of its poor water solubility.”" Also,
we excluded any possibility that the ZIF-8 precursors were par-
tially dissolved in the oil phase, since the large majority of the
precursors were dissolved in the water phase due to their high
water solubility.

To investigate the chemical effects of the oil phase in the
oil-in-water microemulsion on the number and length of alkyl
chains, a variety of aromatic derivatives were used (Fig. 3). A
microemulsion containing several aromatic derivatives,
respectively, enabled precise control over the size of ZIF-8 crys-
tals. To determine the effect of the number of methyl groups,
benzene, toluene and xylene were utilised at 0.10%. The crystal
size of ZIF-8 was determined as 2428 + 383 nm with benzene,
352 + 117 nm with toluene and 272 + 59 nm with xylene
(Fig. 3a and S11, ESIf). As previously stated, benzene-based
microemulsions in water had a significantly lower density than
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Fig. 3 (a) ZIF-8 crystal size as a function of the number methyl groups
on the aromatic ring (0: benzene, 1: toluene and 2: xylene). (b) ZIF-8
crystal size as a function of alkyl chain length on the aromatic ring (1:
toluene, 2: ethylbenzene, 3: propylbenzene and 4: butylbenzene). (c)
Normalised ratio values of microemulsion density (blue circle), micro-
emulsion diameter (green circle) and ZIF-8 crystal size (red circle) as a
function of alkyl chain length on the aromatic ring. The ratio values were
normalised with respect to each measurement with the toluene-based
microemulsion. The dotted and solid lines in (a—c) serve as visual aids.

xylene-based microemulsions, and they had negligible effects
on the reduction of ZIF-8 crystal size. The toluene-based micro-
emulsion could produce ZIF-8 nanocrystals, although the
xylene-based microemulsion was the most effective in terms of
size reduction. Additionally, 0.10% ethylbenzene, n-propylben-
zene and n-butylbenzene were used to examine the effect of
alkyl group length on the size of ZIF-8 crystals (Fig. 3b and
S12, ESIf). The ethylbenzene-based microemulsion generated
the smallest ZIF-8 nanocrystal (171 + 51 nm), followed by those
based on propylbenzene (262 + 77 nm) and butylbenzene (442
+ 114 nm). The profile of alkyl chain length as a function of
ZIF-8 crystal size exhibited the shape of a valley when the
toluene-based microemulsion was added.

Analyses of the microemulsion diameter (Xoo) and density
estimated from dynamic light scattering (DLS) highlight the
relationship between the two variables for ZIF-8 size control
(Fig. 3c). Note that the microemulsion density was estimated
based on the count rate measured by DLS, since the same
volume of the microemulsion solution was used for each
measurement. The diameter and density of the microemulsion
increased with increasing chain length (Fig. S13, ESIf). The
toluene-based microemulsion had a diameter of 370 + 18 nm,
while ethylbenzene had a 484 + 69 nm diameter, propylben-
zene had a 508 + 52 nm diameter and butylbenzene had a 512
+ 29 nm diameter. The mean count rate for microemulsion

This journal is © the Partner Organisations 2023
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density was 41.7 + 0.5 keps for toluene, whereas that for ethyl-
benzene was 53.4 + 1.7 keps, that for propylbenzene was 62.7 +
1.1 keps and that for butylbenzene was 63.5 + 2.3 keps. Such
correlation between microemulsion diameter and density and
ZIF-8 dimensions could correspond to the xylene volume effect
(Fig. S13, ESI}), in that the number of nucleation sites for
ZIF-8 crystals increased as the interfacial area of micro-
emulsions increased. However, ZIF-8 nanocrystals began to
grow larger from propylbenzene in spite of the increasing
microemulsion diameter and density. We assume that the
chemical effect predominated in propylbenzene-based micro-
emulsions due to the increased hydrophobicity of the long
alkyl chain, which could hinder 2-methylimidazolate from
being locally concentrated at the microemulsion surface and
prevent ZIF-8 nucleation on the microemulsion surface.

We applied our method to ZIF-67 which is composed of a
cobalt metal centre (Fig. 4a—d). The microemulsion-mediated
process was suitable for controlling the size of ZIF-67 crystals.
As the volume of xylene was increased in the microemulsion
solution, there was a significant size reduction of ZIF-67 crys-

EYZIF-67 (0%) 1] ZIF-67 (0.03%)

(4 ZIF-67 (0.10%) d 3
E 2}
e
<
2 ¢
o 1}
- ®
@ 0 005 0.10

Xylene (volume %)

€ Hollow shell (0.03%)

f Hollow shell (0.10%)

200 nm 200 nm

Fig. 4 (a—c) SEM images of ZIF-67 crystals generated by the addition of
microemulsion with different volume ratios of xylene (a: 0%, b: 0.03%
and c: 0.10%). (d) ZIF-67 crystal size as a function of xylene volume (left:
0%, middle: 0.03% and right: 0.10%). TEM images of hollow nano-
structures made from ZIF-67 crystals produced using (e) the 0.03%
xylene-based microemulsion and (f) the 0.10% xylene-based
microemulsion.
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Fig. 5 (a) Conversion rate for the Knoevenagel condensation reaction
of malononitrile with benzaldehyde as a function of time using ZIF-8
nanocrystals generated by the 0.10% xylene-based microemulsion (dark
green circle), ZIF-8 microcrystals (light green circle) and no catalyst. (b)
Adsorption of methyl orange (left bar graph set) and rhodamine B (right
bar graph set). The dark green bars correspond to dye adsorptivity by
ZIF-8 nanocrystals generated by the 0.10% xylene-based microemulsion
and the light green bars correspond to dye adsorptivity by
ZIF-8 microcrystals.

tals from 2168 + 609 nm with 0% to 1264 + 120 nm with 0.03%
and 827 + 97 nm with 0.10% (Fig. S14 and S15, ESI}). In
addition, the facile size control of ZIF-67 crystals was essential
for the development of hollow nanostructures of different
sizes (Fig. 4e and f). The hollow nanostructure was synthesised
using the size-controlled ZIF-67 nanocrystals as a template, fol-
lowed by coating ZIF-8 adlayers on the ZIF-67 surface and sub-
sequently etching ZIF-67 from the core (see details in the
ESIt).

The catalytic potential and dye-adsorption potential of
emulsion-induced ZIF-8 nanocrystals were studied with respect
to their size reduction effect and increased surface area
(Fig. 5). The heterogeneous catalytic activity of ZIF-8 nanocrys-
tals produced from a 0.10% xylene-based microemulsion was
evaluated for the Knoevenagel condensation of malononitrile
and benzaldehyde as shown in Fig. 5a and S16, ESI.T Micron-
sized ZIF-8 particles generated without a microemulsion were
used for comparison purposes. The conversion rate of ZIF-8
nanocrystals with 0.10% xylene was higher than that of
micron-sized ZIF-8 particles, 46.6% after 30 min, 62.1% after
1 h, 72.0% after 2 h, 87.7% after 4 h and 93.4% after 6 h. The
greater conversion rate was attributed to the higher external
surface area of the smaller ZIF-8 nanocrystals produced by the
0.10% xylene-based microemulsion (Table S3, ESI}).
Additionally, the ability of the two types of ZIF-8 crystals to
adsorb methyl orange and rhodamine B was investigated and
is presented in Fig. 5b and S17-520, ESL.f ZIF-8 nanocrystals
produced by the 0.10% xylene-based microemulsion exhibited
~5-fold enhanced adsorptivity (4.8 mg g~') for methyl orange
in comparison with the micron-sized ZIF-8 particles (0.9 mg
¢~ ") (Table S4, ESIt). There was also an ~7-fold enhancement
in the adsorption of rhodamine B: 1.4 mg g~ by the micron-
sized ZIF-8 particles and 10.0 mg g~ by ZIF-8 nanocrystals
produced by the 0.10% xylene-based microemulsion (Table S5,
ESIt).
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Conclusions

We demonstrated that through the use of an oil-in-water
microemulsion, soft seeds can exert dimensional control over
ZIFs. With a greater volume ratio of xylene to water, the oil-in-
water microemulsion produced ZIF nanocrystals with a
uniform size and shape. Ex situ SEM and cryo-TEM analyses of
time-dependent formation processes revealed that oil-in-water
microemulsions could serve as ZIF-8 nucleation sites and be
self-sacrificed during the reaction rather than being incorpor-
ated. Furthermore, we discovered that the particle size could
be altered by using a range of aromatic compounds as the oil
phase in the microemulsion. In terms of the microemulsion
diameter and density, shorter chains were susceptible to physi-
cal interactions, whereas longer chains were dominated by
chemical effects. The use of the oil-in-water microemulsion as
a seed could also be applicable to ZIF-67, allowing for size
reduction relative to the volume of the oil phase and promot-
ing advanced topologies such as hollow morphology.
Compared to micron-sized ZIF-8 particles, the nanoscopic crys-
tals produced with the microemulsion exhibited enhanced
catalytic activity for the Knoevenagel condensation reaction
and enhanced dye adsorption with methyl orange and rhoda-
mine B. Our methodology with the soft seed-mediated dimen-
sional control of MOFs using oil-in-water microemulsions
would be more sustainable and applicable in industrial fields
than conventional techniques for synthesising MOF
nanocrystals.
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