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Constructing core—shell metal-organic frameworks (MOFs) based on two topologically distinct MOFs is
a great way to increase MOF material complexity and explore their new functions. However, such
a nucleation process is energetically less favored compared to epitaxial growth due to mismatched unit
cell parameters. Here, two kinetic factors, nucleation kinetics and dissolution kinetics, are revealed to be
two key factors in overcoming this challenge. Through kinetic control, we demonstrate the growth of 4
types of Zr/Hf-MOF shells uniformly and contiguously on 7 different core MOFs including ZIF-8, an acid
labile core. Taking advantage of the modular synthesis of Zr-MOFs, we demonstrate that post-synthetic
covalent surface modification on a non-functionalizable MOF surface can be made possible through
core-shell construction. We also demonstrated that the size selective catalytic behavior can be
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Introduction

Hierarchical arrangement of materials into core-shell archi-
tectures is a widely implemented strategy to endow materials
with new functions. A widely accepted notation for a core-shell
material is A@B where B is the shell grown on the core material
A7 In many cases, the core possesses the main physical and
chemical properties such as localized surface plasmon reso-
nance," magnetism,” photoluminescence,® catalytic activity,”
etc., whereas the shell is responsible for communicating with
surrounding media thereby endowing the composite material
with good dispersity, stability, targeting specificity, bio-
compatibility, etc.>**°

Metal-organic frameworks (MOFs) are a broad class of
porous materials constructed through hierarchical molecular
assembly of metal building units and organic linkers. Their
high designability paves the way towards many potential
applications."™® To increase the structural complexity of
a MOF, a common method is to combine different functional
moieties in a single crystalline phase as exemplified by the
concept of “heterogeneity within order”.”*>® Alternatively,
hierarchical assembly of MOFs with polymers,*** metal

“School of Physical Science and Technology, ShanghaiTech University, Shanghai
201210, China. E-mail: litaol @shanghaitech.edu.cn

*Department of Chemistry, Merkert Chemistry Center, Boston College, Chestnut Hill,
Massachusetts 02467, USA

“University of Chinese Academy of Sciences, Beijing 100049, China

(ESI) available. See DOI:

T Electronic  supplementary  information

10.1039/c9sc02576f

This journal is © The Royal Society of Chemistry 2019

systematically tuned through changing either the ligand length or ligand functionality.

nanoparticles,”®?** metal oxides,** carbon materials,** covalent
organic frameworks (COFs),* enzymes,* etc. in a core-shell
fashion has been repeatedly demonstrated to further extend the
functions and utilities of MOFs to a new level.

Core-shell MOFs are a special group of hierarchical MOF
composites because the shell layer can enrich the functions of
the composite from at least the following three aspects: (1) sort
larger guest molecules through a molecular sieving mechanism
for selective adsorption or catalysis;***® (2) serve as a protective
layer to mitigate the inherent instability of the core MOF;* (3)
serve as a transition layer for the covalent attachment of small
molecules or polymers to bridge the core MOF and its
surroundings.’” Recently, a new concept, domain building
blocks (DBBs), put forward by Rosi et al. suggested that multi-
layer core-shell construction can effectively diversify the func-
tions of MOF materials.*® However, the major bottleneck to
achieve such complexity is the lack of synthetic tools. Most of
the core-shell MOFs reported to date rely on epitaxial growth
which greatly constrains the range of material selection.?*?-**
Recently, Tsung et al. and Li et al. successively reported
surfactant mediated and random copolymer (RCP) mediated
growth of uniform ZIF-8 shells on various core MOFs.***¢ For
large single crystals, Zhou et al. unveiled the principles for the
construction of a MOF-on-MOF structure using retrosynthetic
principles.”” However, all these examples only allow the growth
of shell MOFs with chemically more labile bonds than that of
the core MOFs. Using robust Zr MOFs as the shell, although
highly desired, has only been reported by Zhou et al. through
a kinetically controlled one-step synthesis of large PCN-
222@Ui0-67 crystals*® and by Tan et al through Ostwald
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ripening-mediated growth of UiO-66@PCN-222.* Yet, the
generalizability of this method to other MOFs especially
chemically more labile MOFs remains unknown.

Here, we reveal two kinetic factors that are responsible for
the construction of uniform and contiguous Zr/Hf-MOF shells
on both robust and labile core MOFs. First, we found that
boosting the nucleation kinetics by raising the precursor
concentration is critical for the rapid formation of densely
packed small MOF nuclei around the core MOF. Continued
growth of these nuclei sealed the gaps among crystallites
resulting in dense and contiguous Zr/Hf-MOF shells grown on
a series of robust core MOFs including MOF-801, MIL-96(Al),
MIL-101(Cr), UiO-66, MIL-53(Cr) and Ni-MOF-74. To overcome
the seemingly impossible task of growing Zr-MOF shells on an
acid labile core MOF such as ZIF-8, lowering the dissolution
kinetics of the core MOF is key. By reducing the quantity of the
Zr-MOF precursors, the dissolution of ZIF-8 was maintained at
a very low rate thereby allowing the growth of a dense Zr-MOF
shell without compromising the integrity of the ZIF-8 core. By
using an amine functionalized Zr-MOF shell, covalent surface
modification on a non-functionalizable MOF is made possible
through core-shell construction. We also demonstrated that
size selective catalysis can be precisely tuned by both ligand
substitution and functionalization in the shell MOF.

Results and discussion

Nucleation kinetics governed growth of UiO-66 on MIL-
101(Cr)

The nucleation of one MOF on another topologically distinct
MOF surface is a heterogeneous nucleation process. According
to the classic nucleation theory, the critical energy barrier of
a heterogeneous nucleation process is equal to the product of
the homogeneous nucleation energy barrier and a function of
the contact angle (CA) 6 (eqn (1)). Since the CA term is always
smaller than 1, heterogeneous nucleation is energetically
favored over homogeneous nucleation.>

2 —3cos 6+ cos’ §
AGheterogeneous = AGhomogeneous X 4

(0=60<180°)
1)

The tendency for this to occur depends on (1) the nucleation
kinetics and (2) the surface properties of the core MOF. However,
compared to epitaxial growth between two structurally identical
MOF analogues, it is energetically less favorable due to mis-
matched unit cell parameters. To achieve a uniform defect-free
MOF shell through non-epitaxial growth, one strategy is to
modify the core MOF surface with “nucleation friendly” small
molecules or polymers to lower the nucleation energy barrier as
demonstrated by Tsung et al. and Li et al. in their efforts to grow
a dense ZIF-8 shell on various core MOFs.*>* Alternatively,
increasing the monomer concentration can simultaneously boost
the nucleation kinetics and reduce the critical nucleus size to
reach the same goal. To verify this hypothesis, a robust core MOF,
MIL-101(Cr), was selected for the attempted growth of UiO-66.
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MIL-101(Cr) was synthesized according to the method re-
ported by Zhao et al. with slight modification.>* The crystallinity
of the MOF was confirmed using both a transmission electron
microscope (TEM) image and powder X-ray diffraction (PXRD)
patterns (Fig. S1 and S27). The average particle size is 300 +
35 nm as determined using a TEM. To investigate the effect of
concentration on the nucleation kinetics of UiO-66, MIL-101(Cr)
crystals were immersed in three dimethylformamide (DMF)
solutions containing 25, 50, and 100 mM of ZrCl, and tereph-
thalic acid (H,BDC) and heated to 120 °C. After 10 min of
growth, a smooth layer of amorphous deposits was observed on
the surface of all three MIL-101(Cr) samples as shown in the
TEM images (Fig. 1i, v, and ix). Energy dispersion X-ray spec-
troscopy (EDS) mapping results for Fig. ix reveal that this
deposition layer contains Zr (Fig. S3 and S41). However, no
ordering was observed according to the PXRD patterns
(Fig. S51). Therefore, this layer is likely to be an amorphous Zr-
ligand complex (AZC). At 20 min, both the 50 and 100 mM
grown samples show roughening on the particle surface due to
the nucleation of UiO-66. Their PXRD patterns also confirmed
such transformations as evidenced by the emergence of the
(111) facet diffraction peak of UiO-66 at 7.38° (Fig. 1C). In
contrast, the sample grown in 25 mM solution did not start
nucleation until 40 min, much slower than the other two
samples (Fig. 1iii and S67). Moreover, the size of the nuclei is
also considerably larger leading to a lower surface coverage on
MIL-101(Cr). After 1 h, the MIL-101(Cr)@UiO-66 core-shell
structure formed in the 100 mM solution exhibit well-defined
shell thickness and integrity. Comparably, 25 mM solution
only resulted in partial coverage of large UiO-66 crystallites on
the core MOF. The sample grown in the 50 mM solution also
shows near full coverage of UiO-66 but the crystallite size is
relatively large resulting in a rough surface texture (Fig. 1viii).
The EDS mapping results of Fig. 1xii reveal the expected layered
Zr and Cr distribution confirming the core-shell morphology of
MIL-101(Cr)@UiO-66 particle (Fig. 1B). These results suggest
that rapid nucleation is critical for the formation of a dense
UiO-66 shell on MIL-101(Cr). In addition, despite the rapid
nucleation, the shell growth process is relatively slow but steady
which allows continuous increase of UiO-66 shell thickness
from ~13 nm at 0.5 h to 69 nm at 2 h (Fig. S71).

Growth of Zr/Hf-MOF shells on various core MOFs

Next, we extended this strategy to the growth of a series of Zr/Hf-
MOF shells on various core MOFs. Fig. 2A-H show the TEM
images of MOF-801@UiO-66, MIL-96(Al)@UiO-66-NH,, MIL-
53(Cr)@Ui0-66, MIL-101(Cr)@UiO-66(Hf), MIL-101(Cr)@UiO-
66-NH,, Ni-MOF-74@Ui0-66-NH,, UiO-66@MOF-801 and MIL-
101(Cr)@MOF-801, respectively. All the samples exhibit dense
and uniform shell layers with thickness in the range of 10 to
82 nm. The PXRD patterns of these core-shell samples all
clearly exhibit combinations of two crystalline phases (Fig. S8 to
S15%).

Considering the generalizability of this shell growth method,
it is possible to increase the complexity of core-shell MOF
composites by adding more DBBs, in other words, growing

This journal is © The Royal Society of Chemistry 2019
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Fig.1 (A) TEMimages of MIL-101(Cr)@UiO-66 at different growth stages; (B) STEM and EDS elemental mapping images of MIL-101(Cr)@UiO-66
(Axii); (C) PXRD patterns of MIL-101(Cr) (red, simulated), UiO-66 (blue, simulated), and MIL-101(Cr)@UiO-66 (Aii, yellow; Avi, green; Ax, purple).
The grey zone highlights the characteristic diffraction peak of the (111) facet of UiO-66.
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Fig. 2 TEM images of (A) MOF-801@UiO-66, (B) MIL-96(A)@UIO-66-NH,, (C) MIL-53(Cr)@UiO-66, (D) MIL-101(Cr@UiO-66(Hf), (E) MIL-
101(Cr)@UiO-66-NH,, (F) Ni-MOF-74@UiO-66-NH,, (G) UiO-66@MOF-801, (H) MIL-101(Cr)@MOF-801 and (I) MIL-101(Cr)@UiO-66(Zr)@MOF-
801(Hf); (J) EDS elemental mapping images of MIL-101(Cr)@UiO-66(Zr)@MOF-801(Hf); (K) PXRD patterns of MIL-101(Cr) (red, simulated), UiO-
66(Zr) (blue, simulated), MOF-801(Hf) (yellow, simulated) and MIL-101(Cr)@UiO-66(Zr)@MOF-801(Hf) (green).
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more than one shell layer. As a proof of principle, a double-shell
composite, MIL-101(Cr)@UiO-66(Zr)@MOF-801(Hf)
synthesized. The TEM micrograph (Fig. 2I) unambiguously
shows that a MIL-101(Cr) particle was uniformly coated with
a ~40 nm UiO-66 shell wrapped in another ~30 nm MOF-
801(Hf) shell. Further structural information was provided
using EDS mapping images of Cr, Zr, and Hf (Fig. 2]) and the
PXRD pattern (Fig. 2K). The unusual spreading of the Cr EDS
signal across the shell layers is likely due to leaching of Cr from
the core under acidic conditions. Recent studies by Liu et al
also suggested that despite the well-known robustness of MIL-
101(Cr), the center of the MIL-101(Cr) particles is less crystal-
line and more labile than the exterior and thus these particles
are prone to dissolution.® Nevertheless, the three-layered
morphology of MIL-101(Cr)@UiO-66(Zr)@MOF-801(Hf) is
clearly demonstrated. This example suggests that the DBB
concept can be further extended to MOFs with arbitrary unit cell
parameter combinations.

In addition to Zr/Hf-MOFs, this rapid nucleation approach
can also be applied to the growth of the ZIF-8 shell. At a lower
precursor concentration, ZIF-8 cannot be grown on the UiO-66
surface. By increasing the concentration of 2-methylimidazole
(MIM) from 0.576 M to 1.344 M, the UiO-66@ZIF-8 core-shell
MOF was successfully synthesized (Fig. S167).

was

Growth of a Zr-MOF shell on an acid labile core MOF through
dissolution kinetics control

Among these core-shell examples, it is worth noting that Ni-
MOF-74 is regarded as a more labile MOF than UiO-66-NH,.
Nevertheless, the growth conditions of UiO-66-NH, were mild
enough to be tolerated by Ni-MOF-74 nanorods thereby
successfully achieving a well-defined core-shell structure. This
observation drove us to pursue the possibility of growing Zr-
MOF shells on more labile core MOFs.

A key challenge for growing Zr-MOFs on an acid labile core
MOF is that the core typically cannot withstand the aggressive
synthetic conditions in the presence of acidic precursors such
as Zr*" and H,BDC thus leading to dissolution. Such
a phenomenon has been observed by Zhong et al. in the case of
growing UiO-66 on MOF-5.% During our early attempt to grow
UiO-66-NH, on ZIF-8 using a rapid nucleation approach, we
found that UiO-66-NH, crystallites nucleated around ZIF-8
crystallites to form a continuous hollow capsule (Fig. 3Bi)
where ZIF-8 served as a sacrificial template and was completely
etched away by acidic precursors. Interestingly, when large ZIF-
8 particles with a size of 1.0 + 0.1 um were used as the core, ZIF-
8 residues were observed in the hollow UiO-66-NH, shells
resembling a yolk-shell structure (Fig. S177%). This implies that
by manipulating the dissolution kinetics of ZIF-8, it is possible
to grow a Zr-MOF shell without significant etching on the ZIF-8
core. Therefore, we gradually reduced the ZIF-8/UiO-66-NH,
growth solution ratio®* from 1:1to1:2,1:4,1:6,1:8 and
1 : 10 while keeping the precursor concentration at 100 mM to
maintain the rapid nucleation kinetics (Fig. S187). After 2 h of
growth, there is a clear trend suggesting that a small amount of
growth solution results in slower ZIF-8 dissolution. In
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particular, at a 1 : 1 growth solution ratio, no apparent disso-
lution of ZIF-8 was observed. Meanwhile, a uniform layer of
deposition appeared on ZIF-8. EDS mapping results show that
Zr is present in this layer suggesting the formation of an AZC
layer similar to that of MIL-101(Cr) at an early growth stage
(Fig. 1Aix). After digesting ZIF-8 using acetic acid, a ~5 nm AZC
layer was revealed in the form of a slightly collapsed hollow
cube. Repeating this growth step one more time with fresh
growth solution led to a ZIF-8@UiO-66-NH, core-shell structure
containing a ~15 nm UiO-66-NH, crystalline shell uniformly
coated on the ZIF-8 core. After digesting the ZIF-8 core using
acid, the hollow polycrystalline UiO-66-NH, shell exhibits good
structural integrity according to both the PXRD pattern and
TEM image (Fig. 3C and Biii, inset). The N, adsorption isotherm
of ZIF-8@UiO-66-NH, falls in between that of ZIF-8 and UiO-66-
NH, indicating that the crystallinity and porosity of both MOFs
are well maintained (Fig. 3D).

To understand the dissolution kinetics, the supernatants of
the growth mixtures were obtained at different time points and
the Zn>" concentration was monitored by inductively coupled
plasma optical emission spectrometry (ICP-OES). Fig. 3E shows
that complete ZIF-8 dissolution was observed in the 1:10
growth solution after 10 min of reaction. In contrast, only ~11%
ZIF-8 was dissolved and leached out for the 1 : 1 growth sample.
With the reaction time extended to 3 h, no further ZIF-8
dissolution was observed. It is clear that by reducing the
amount of Zr-MOF precursors, there are fewer acidic species
available in the solution thereby lowering the dissolution
kinetics of ZIF-8 at an early stage of shell growth. The rapid
deposition of an AZC layer further passivated the ZIF-8 surface
and therefore effectively suppressed the diffusion of acidic
species toward ZIF-8 and the dissolved species toward the
solution, consequently stopping the dissolution of ZIF-8.

With the amine functionalized UiO-66-NH, as the shell, it is
possible to covalently attach small molecules to the core-shell
composite for the surface modification of ZIF-8. As a proof of
concept, ZIF-8@UiO-66-NH, was reacted with stearoyl chloride
in tetrahydrofuran (THF). The extraction experiment shows that
alkane modified ZIF-8@UiO-66-NH, can be extracted to the
ethyl acetate phase whereas the non-functionalized ZIF-8@UiO-
66-NH, prefers to stay in the aqueous phase (Fig. S19%).
Furthermore, the water contact angle of ZIF-8@UiO-66-NH,
increased from 20 £ 1° to 135 + 3° after surface modification
suggesting that the ZIF-8@UiO-66-NH, surface was successfully
modified by hydrophobic alkyl molecules (Fig. 3F).

Manipulating the MOF shell for size selective catalysis

To manifest the tunability of Zr-MOFs, we constructed a series
of Pt NP-containing core-shell catalysts to showcase their ability
for size selective hydrogenation through changing either the
ligand length or ligand functionality. On the other hand, size
selective catalysis is also a great way to verify the uniformity of
the as-grown shell layers. To start with, ~2 nm poly-
vinylpyrrolidone (PVP) coated platinum nanoparticles (Pt NPs)
were synthesized according to a reported method* (Fig. S207).
They were then adsorbed on to the core MOF MIL-101(Cr) or

This journal is © The Royal Society of Chemistry 2019
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Fig. 3 (A) Schematic illustration of the growth process of UiO-66-NH, on ZIF-8. (B) TEM images of hollow UiO-66-NH, (i), ZIF-8@AZC (ii), and

ZIF-8@UiO-66-NHj; (iii), and EDS elemental mapping images of ZIF-8@AZC (iv). The insets in ii and iii are the TEM images of the core—shell
particles after acid digestion. (C) PXRD patterns of ZIF-8 (black, simulated), UiO-66-NH, (blue, simulated), hollow UiO-66-NH, (yellow), ZIF-
8@AZC (green), ZIF-8@UiO-66-NH; (purple), and ZIF-8@UiO-66-NH, after acid digestion (red). (D) N, adsorption—desorption isotherms (77 K)
of ZIF-8 (blue), ZIF-8@UIO-66-NH, (green), and UiO-66-NH, (red). (E) The dissolution kinetics of ZIF-8 from ZIF-8@UiO-66-NH, during the
shell growth process. (F) Water contact angle measurements for non-functionalized ZIF-8@UiO-66-NH; (left) and alkane modified ZIF-8@UiO-

66-NH> (right).

UiO-66 through electrostatic interaction to give MIL-101(Cr)@Pt
(1) and UiO-66@Pt (Fig. 4B and S21%). Then, Ui0-66, UiO-66-
NH, and MOF-801 shells were grown on MOF@Pt to give three
core-shell composite catalysts: MIL-101(Cr)@Pt@UiO-66, MIL-
101(Cr)@Pt@Ui0-66-NH,, and UiO-66@Pt@MOF-801. For
convenience, they are denoted as 2, 3, and 4, respectively. The
TEM images show the sandwiched structural hierarchy where Pt
NPs are located at the core-shell interface. Three nitro
compounds, nitrobenzene (NB), 2,3-dimethyl nitrobenzene
(DMNB), and 1-nitronaphthalene (NN), with increasing molec-
ular sizes were selected to demonstrate the size selectivity of the
catalysts. After 150 min of the hydrogenation reaction in a H,
atmosphere, 100% conversion of all three nitro compounds was
achieved with catalyst 1. With a 30 & 2 nm UiO-66 coating, 2
successfully accomplished full conversion of the smaller NB
and DMNB, but only managed to convert 62% NN indicating
a size selective behavior. With UiO-66-NH, and MOF-801 coat-
ings, both 3 and 4 exhibited appreciable (~50%) conversion of
NB but very little conversion (~4%) of NN indicating a clear size
cutoff for the larger species due to the shortening of the linker
length (MOF-801) or the introduction of the steric functional
group (UiO-66-NH,). Interestingly, despite the similar reactivity
of 3 and 4 towards NB and NN, 4 exhibits much higher
conversion (26%) of DMNB than 3 (6.4%). This demonstrates
that the size selective catalytic behavior can be further fine-
tuned through incorporation of steric functional groups such
as -NH,. Given the availability of various functional groups in

This journal is © The Royal Society of Chemistry 2019
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Fig. 4 (A) Schematic illustration of the fabrication process of Pt NP-
containing core—shell MOF catalysts. (B) TEM images of MIL-101(Cr)
@Pt, MIL-101(Cr)@Pt@UiO-66, MIL-101(Cr)@Pt@UiO-66-NH,, and
UiO-66@Pt@MOF-801. (C) The conversion of nitrobenzene, 2,3-
dimethyl nitrobenzene, and 1-nitronaphthalene over different cata-
lysts after 150 min of the hydrogenation reaction. For clear visualiza-
tion of Pt NPs, core—shell particles with very thin shell layers were
selected for imaging. More representative images can be found in
Fig. S22-S24.F
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Zr-MOFs and synthetic tools such as post-synthetic modifica-
tion, ligand exchange, etc., it is reasonable to believe that
molecular recognition in catalysis can be potentially achieved
through core-shell construction.

Conclusions

In summary, we unveiled two key kinetic factors that govern the
growth of uniform Zr/Hf-MOF shells on a series of core MOFs.
The first kinetic factor, nucleation kinetics, controls the nucleus
size of the shell MOF, and consequently its surface coverage and
uniformity on the core MOF. The second kinetic factor, disso-
lution kinetics, dictates how fast the core MOF dissolves during
the growth process which is a non-negligible factor when an
acid labile core MOF such as ZIF-8 is involved. We believe that
these principles for constructing core-shell MOFs will guide the
rational design of more sophisticated hierarchical MOF
composite materials for various applications.
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