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Berkeley, California 94720-1760, United States

Abstract

We report a versatile strategy based on the use of multifunctional mussel-inspired polydopamine
for constructing well-defined single-nanoparticle@metal-organic framework (MOF) core—shell
nanohybrids. The capability of polydopamine to form a robust conformal coating on colloidal
substrates of any composition and to direct the heterogeneous nucleation and growth of MOFs
makes it possible for customized structural integration of a broad range of inorganic/organic
nanoparticles and functional MOFs. Furthermore, the unique redox activity of polydopamine adds
additional possibilities to tailor the functionalities of the nanohybrids by sandwiching plasmonic/
catalytic metal nanostructures between the core and shell vialocalized reduction. The core—shell
nanohybrids, with the molecular sieving effect of the MOF shell complementing the intrinsic
properties of nanoparticle cores, represent a unique class of nanomaterials of considerable current
interest for catalysis, sensing, and nanomedicine.
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In this article, we report a generally applicable strategy that allows for constructing
heterogeneous core—shell nanostructures with a customized selection of functional
nanoparticle core and metal-organic frameworks (MOFs) shell. The ability to control
structural integration of functional materials at nanometer scale opens the access to
heterogeneous nanohybrids with collective properties that are not available in individual
building blocks.1~3 Emerging properties of the heterogeneous nanohybrids hold great
promise in catalysis, theranostics, and combination therapy, in which the synergistic action
of multiple components is necessitated for optimal performance.4—2 The structure-dependent
optical, electrical, magnetic, and catalytic properties of metal, semiconductor, and metal
oxide nanoparticles have stimulated intense research and developments in chemistry,
materials sciences, biology and medicine.1® MOFs are an intriguing class of microporous
crystalline materials built upon coordinated metal ions and organic ligands.1! The readily
tunable microporous structures and functionalities of MOFs, deriving from a diverse
collection of available building blocks, underpin their applications in molecular storage and
separation, chemical sensing, and catalysis.12-18 There is growing interest in developing
nanoparticle@MOF core-shell nanohybrids to complement nanoparticle functionality with
the molecular sieving effect of MOFs, imparted by their defined pore apertures.19:20
Although considerable progress has been made, the majority of existing methods, by means
of either /n situ synthesis of nanoparticles inside MOFs21-24 or depositing MOF coatings on
preformed nanoparticles,25-2° mainly give rise to hybrid materials with many nanoparticles
dispersed in the MOF matrix rather than well-defined core—shell nanostructures with a layer
of MOF sealing off a single nanoparticle core. More recently, several groups have reported
that selective nanoparticle capping ligands such as poly-vinylpyrrolidone (PVP) can mediate
the deposition of a MOF shell on metal nanoparticles to form core—shell nanohybrids.30-3%

Here we show that the use of an intermediate mussel-inspired polydopamine (PDA) coating
opens new possibilities for tailored synthesis of core—shell nanoparticle@MOF nanohybrids.
Self-polymerization of dopamine in the presence of virtually any solid substrate leads to a
stable and conformal PDA coating that is bound to the substrate through covalent and/or
noncovalent interactions.36-42 A unique combination of physicochemical characteristics of
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PDA plays critical roles in the success of our strategy, as illustrated in Scheme 1. First, the
adhesive nature and controllable growth kinetics of PDA makes it possible to form a
conformal layer of PDA with controlled thickness on a wide spectrum of nanoparticles of
different chemical identities and functionalities. Second, metal-chelating activity of the
catechol groups*3—45 in PDA can drive the heterogeneous nucleation and growth of MOFs
on PDA coated nanoparticles, affording exclusively the core—shell nanohybrids. Importantly,
the PDA coating endows the nanoparticle cores with excellent colloidal stability, which
prevents nanoparticles from aggregating in MOF growth solution. Third, the redox reactivity
of PDA%6-48 enables localized reduction of metal precursors, which leaves metal
nanostructures sandwiched between the nanoparticle core and MOF shell, providing unique
opportunities for constructing multi-functional nanohybrids. We have demonstrated that our
strategy allows controlled growth of classical MOFs on a broad range of inorganic and
organic nanostructures, offering unprecedented chemical flexibility in developing core—shell
nanohybrids. A prototypical example illustrated here involves loading catalytic Au
nanoparticles in MOF-coated magnetic nanoparticles by taking advantage of the redox
activity of PDA. Complementary properties of the multiple components of the nanohybrids
give rise to magnetically recyclable nanocatalysts with molecular size selectivity.

RESULTS AND DISCUSSION

Au nanoparticles with localized surface plasmon resonance (LSPR) highly sensitive to the
change of their surrounding dielectric environment and aggregation status are excellent
model core materials that can provide real-time colorimetric feedback on the successful
loading of shell coatings.#%-°0 Here the deposition of PDA on Au nanoparticles of 50 nm was
conducted in freshly prepared dopamine solution in Tris buffer (10 mM, pH 8.5). Afterward,
the nanoparticles can be separated by centrifugation and redispersed in NaCl solution (0.15
M) and methanol, indicating a considerable change in surface properties (Figure S1). In
contrast, the citrate-stabilized Au nanoparticle without PDA coating formed large aggregates
and quickly precipitated, as indicated by the irreversible red to blue color change of the
nanoparticle dispersion (Figure S1). In transmission electron microscopy (TEM) images
(Figure 1a,d), a PDA coating of lower contrast surrounding the Au nanoparticles can be
easily identified. We have found that the thickness of PDA shell is highly dependent on the
dopamine concentration. While 0.25 mg/mL dopamine led to a uniform PDA coating of 6
nm after reacting with Au nanoparticles (0.2 nM) for 18 h, increasing the concentration to
0.5 mg/mL gave rise to a thickness of 25 nm, as observed in Figure 1a,d. We next examined
the growth of a representative zeolitic imidazole framework material (ZIF-8) on PDA coated
Au nanoparticles (AUNP@PDA). ZIF-8 building blocks, Zn(NO3), (12.5 mM) and 2-
methylimidazole (25 mM), were mixed with the AUNP@PDA dispersion in methanol, and
the product was collected after 12 h. TEM image (Figure 1b) of the pink-red products
clearly shows a homogeneous layer (40 nm) of ZIF-8 crystal on top of the AUNP@PDA
nanoparticles. And a thicker layer of ZIF-8 of 90 nm (Figure 1c) was produced when we
doubled the concentration of the precursors. Notably, when the AUNP@PDA nanoparticles
with 25 nm PDA shell were used, two concentric layers around the Au nanoparticle cores
(Figure 1e) were evidently observed after the ZIF-8 growth, suggesting that ZIF-8 nucleated
rapidly on the surface of PDA coating and subsequently grew into larger nanocrystals. The
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strong chelating power of residual catechol groups in PDA and the hydrophobic interaction
between aromatic groups of PDA and the organic ligands both are expected to facilitate
rapid nucleation, leading to high yield of the well-defined core—shell nanohybrids. Scanning
electron microscopy (SEM) observation (Figure 1f) further confirmed its homogeneous size
distribution across a large population.

Figure 2a shows that the LSPR peak of 50 nm Au nanoparticles red-shifted from 535 to 560
nm in AUNP@PDA, and further moved to 580 nm after the ZIF-8 shell was deposited to
form the core-shell nanohybrids, because of the higher refractive index of PDA and ZIF-8
than that of water. Time-dependent UV-vis spectroscopy measurements reveal that the
LSPR redshifts primarily occurred in the first 3 min of ZIF-8 growth (Figure S2), which is in
line with the rapid nucleation and growth of the MOF deduced from the TEM observation
(Figure 1e). ZIF-8 represents an easily synthesized MOF material that is formed rapidly
under ambient condition. We have found that UiO-66, which is solvothermally prepared
using 1,4-benzenedicarboxylic acid (H,BDC) as organic linkers and zirconium-(1V) as metal
cores, can also be readily coated on AUNP@PDA (Figure 2b), indicative of the compatibility
of the PDA-based strategy with other synthesis conditions and a diverse range of functional
groups found in MOF building blocks. X-ray diffraction (XRD) patterns of both
AUNP@PDA@MOF core-shell nanohybrids display the characteristic peaks of face-
centered-cubic phase of Au and ZIF-8 or UiO-66 crystals, confirming the high loading of
nanocrystals in the core—shell configuration. The type I N5 isotherm revealed in nitrogen-
sorption measurements is suggestive of the microporosity of the core—shell nanohybrids. In
comparison with the pure nanosized ZIF-8 and UiO-66 (Figure S3), which show gravimetric
Brunauer—Emmett—Teller (BET) surface areas of 1541 and 1496 m2 g~ respectively, the
core-shell AUNP@ PDA@ZIF-8 and AUNP@PDA@Ui0-66 nanohybrids exhibit smaller
surface areas of 1082 and 1353 m? g~1, resulting from the introduction of nonporous Au
core in the hybrids (Figure 2d).

To examine the compatibility of the PDA-based method with nanoparticle cores of different
morphologies, anisotropic Au nanostars were used for preparing the core—shell nanohybrids.
Au nanostars with sharp tips were prepared by a seeded-growth method on 14 nm Au
nanoparticles (Figure 3a).51 Regardless of the anisotropic structure and different surface
property of Au nanostars compared to Au nanoparticles, a PDA layer can also be coated on
Au nanostars (Figure 3b). TEM image shows that ZIF-8 crystal was readily grown on PDA
coated Au nanostars of 80 nm (Figure 3c), forming core-shell structures with the nanostars
completely trapped inside the ZIF-8 shell. Similar to that of the spherical Au nanoparticles,
the broad LSPR peak of Au nanostars at 826 nm red-shifted to 897 and 913 nm after PDA
and ZIF-8 layers were introduced.

This strategy is also valid for cores of different chemical composition. Mesoporous silica
nanoparticles (MSNs)°2 and polystyrene nanoparticles (PSNs)3 were selected as
representative inorganic oxide and organic nanomaterials, which are also under intense
research for a broad spectrum of applications.8:>* Following the similar protocol developed
for Au-based nanomaterials, we were able to successfully coat ZIF-8 of a controlled layer
thickness on both MSNs and PSNs. TEM observation (Figure 4) confirmed that the
successive coating of PDA and MOF layers can also be done on MSNs and PSNSs, leading to
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well-defined core—shell structures. Taken together, the generation of a robust PDA coating
by self-polymerization of dopamine is not dependent on the nature of the underlining
substrates, and the PDA-enabled strategy allows customized structural integration of
functional nanostructures and MOFs.

The general applicability of this strategy opens the access to diverse core—shell nanoparticles
with the functionality of the core nanoparticles complementing molecular size selectivity of
the MOF shell. Polystyrene-trapped magnetic iron oxide nanoparticles (MagNPs) were
prepared by emulsion polymerization.>455 A core of magnetic iron oxide nanoparticles is
clearly visible within the polystyrene nanobead (Figure 5a). The growth of PDA and ZIF-8
shell gave rise to obvious size increase, forming core—shell nanoparticles with their MagNP
core and ZIF-8 shell easily identified in TEM images (Figure 5b,c). Because of the addition
of nonmagnetic PDA and MOF components, the resulting MagNP@PDA@ZIF-8 core-shell
nanoparticle has a decreased magnetization saturation value of 3.1 emu/g in comparison
with that of MagNP (33.2 emu/g) and MagNP@PDA (12.7 emu/g) (Figure 5d).56

Self-polymerization of dopamine proceeds via oxidation of catechol into dopaminequinone
followed by intramolecular cyclization, further oxidative oligomerization and self-assembly,
leaving behind abundant redoxactive catechol groups in PDA. Figure 6a shows that PDA
coating on MagNPs is able to induce localized reduction of Au precursor, giving rise to a
number of uniform Au nanoparticles of 15 nm in size loaded on PDA coating. It appears that
the Au nanoparticles reside on the surface of PDA instead of trapped inside the PDA
network. On the hand, no nanoparticles were formed when MagNPs without PDA coating
underwent the same treatment (Figure S4). Furthermore, ZIF-8 and UiO-66 shells (Figure
6b,c) both can be coated on MagNPs carrying Au nanoparticles (MagNP@PDA@AUNPS),
implying that the loading of Au nanoparticles did not affect the ability of PDA to mediate
MOF growth (Figure S5). In UV-vis spectra (Figure 6d), the characteristic LSPR peak of
AUNPs emerged after the localized reduction on PDA coated MagNPs, and remained in the
MOF coated nanoparticles. The three-component MagNP@PDA@AUNPs@-MOF
nanohybrids can be easily recovered by a magnetic field (inset of Figure 6d).

We next explored the application of the nanoparticle@ MOF core-shell nanohybrids with
complement properties. Metal nanoparticles with large surface areas have emerged as a new
class of catalysts that are receiving increasing attention. The MagNP@
PDA@AUNPs@MOF nanohybrids have built-in magnetic property from the MagNP core,
catalytic activity from the loaded Au nanocatalysts, and molecular sieving effect from the
MOF shell, which are collective characteristics necessitated for magnetically recyclable
nanocatalysts with molecular size selectivity. The metal-catalyzed reduction of 4-nitrophenol
(4-NPh) to 4-aminopheol (4-APh) and methylene blue (MB) to leuco MB (LMB) by NaBH,4
were selected as the model reactions to examine this potential of the core—shell nanohybrids.
4-NPh has strong absorption at 400 nm which disappears upon conversion into 4-APh,
making it possible to follow the reaction using UV-vis spectroscopy.3® In control
experiments, ZIF-8 and UiO-66 themselves did not show any catalytic activity (Figure 7 and
S6) for both reactions. As demonstrated in Figure 7a, while MagNP@PDA@AUNPs without
MOF shell led to rapid conversion of 4-NPh into 4-APh, the reaction was completely
inhibited when a layer of ZIF-8 was coated on the nanoparticles. Apparently, the small
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aperture size of ZIF-8 (3.4 A) prevented the diffusion of 4-NPh (~4.8 A) through the MOF
shell to access the Au nanocatalysts. In line with this analysis, the use of UiO-66 MOF shell
with a larger aperture size (6.0 A) did not affect the reaction significantly. The slight
reduction of reaction rate possibly resulted from the limited diffusion of 4-NPh through the
MOF shell.28 Recycling nanoscale catalysts has been a significant challenge in the field. Our
results demonstrate that the magnetically recycled nanohybrids maintained excellent
colloidal stability and catalytic activity (Figure S7) in repeated uses. For the reduction of
MB (Figure 7b), which has a molecular size of ~7.6 A, it is apparent that even UiO-66
coated nanoparticles did not show any reaction activity due to diffusion inhibition caused by
molecular selectivity of the MOF layer.

CONCLUSION

In summary, we have presented a versatile, PDA-enabled strategy for developing well-
defined nanohybrids consisting of a nanoparticle core and a MOF shell. The ability of PDA
to adhere to colloidal substrates of any chemical composition and to bind with a wide
spectrum of MOF building blocks forms the fundamental basis of our strategy, and its
unique redox activity adds an additional dimension to customize the functionalities of the
resultant core—shell nanohybrids. The general applicability of this new approach was
highlighted with varieties of nanohybrids consisting of different nanoparticle and MOF
pairs. In particular, nanohybrids with catalytic Au nanoparticles sandwiched between the
magnetic core and MOF shell through localized reduction by PDA, as magnetically
recyclable nanocatalysts with molecular size selectivity, have demonstrated the potential of
our strategy for flexible, rational functionality integration. The full potential of this strategy
in emerging fields such as nanomedicine and photocatalysis is to be realized by the
introduction of new building blocks, fueled by recent advances in tailored synthesis of
nanocrystals and functional MOFs. The core—shell nanohybrids with a molecular sieving
effect added onto the intrinsic properties of the nanoparticle core are of considerable interest
for controlled drug release and improved selectivity in sensing and catalysis applications.

EXPERIMENTAL SECTION

Materials

Dopamine, sodium citrate, hydroxylamine hydrochloride (NH,OH - HCI), hexadecyl
trimethylammonium bromide (CTAB), sodium hydroxide (NaOH), tetraethyl orthosilicate
(TEOS), p-styrenesulfonic acid sodium salt (NaSS), iron(l11) chloride hexahydrate (FeCls -
6H,0), iron(1l) chloride (FeCl, - 4H,0), ammonium hydroxide, oleic acid, sodium dodecy!l
sulfate (SDS), styrene, tetradecane, potassium peroxydisulfate (KPS), zinc nitrate
hexahydrate (Zn(NOs3),), 2-methy-limidazole, zirconium(IV) chloride (ZrCly), terephthalic
acid (H,BDC), acetic acid, 4-nitrophenol (4-NPh), methylene blue (MB) and sodium
boronhydride (NaBH,) were purchased from Sigma-Aldrich. Methanol (MeOH), ethanol
(EtOH) and N, N-dimethylmethanamide (DMF) were obtained from Fisher Chemical.
Hydrogen chloride (HCI) was obtained from Schedelco. Silver nitrate (AgNO3) was
acquired from Strem chemicals. L-Ascorbic acid (LAA) was obtained from Tokyo Chemical
Industry. Hydrogen tetrachloroaurate(l11) trihydrate (HAuCl, - 3H,0) was supplied by Alfa
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Aesar. Tris(hydroxymethyl)aminomethane (TRIS) was obtained from J. T. Baker. Ultrapure
water (18.2 MQ - cm) was purified using a Sartorius AG arium system and used in all
experiments.

Characterization

Scanning electron microscopy (SEM) images were acquired on a FESEM (JSM-6700F,
Japan). Transmission electron microscopy (TEM) observations were conducted on a Jeol
JEM 2010 electron microscope at an acceleration voltage of 300 kV. UV-vis spectra were
recorded using a Shimadzu UV1800 spectrophotometer. Powder X-ray diffraction (XRD)
patterns were obtained on a Bruker AXS D2 Advanced X-ray diffractometer with
monochromatized Cu Ka radiation (A = 1.54056 A, 40 kV and 20 mA). BET surface area
was measured by N, adsorption and desorption at 77 K using a Micromeritics ASAP 2020
apparatus.

Synthesis of 50 nm Au Nanoparticles

50 nm AuNPs were prepared using a seeded-growth method. Typically, seed AuNPs with a
diameter of 14 nm were prepared first. Five milliliters of 12 mg/mL sodium citrate solution
were injected into a 50 mL boiling water solution containing 5 mg of HAuCl, under
vigorous stirring. A color change from colorless to red was observed in 5 min. The solution
was heated for another 20 min, and then cooled to room temperature before further use. This
seed AuNP dispersion was used to synthesize 50 nm AuNPs. Briefly, 50 mL water was
added into a 100 mL round-bottom flask. Two milliliters of seed AuNPs and 200 sL of 0.2
M NH,O0H - HCI were added into this flask consecutively. Afterward, 3 mL of 0.1 wt %
HAuUCI, was added dropwise into the solution under vigorous stirring followed by 30 min
reaction at room temperature. A gradual color change from light red to dark red was
observed. Finally, the concentration of sodium citrate was adjusted to 1 mM. The reaction
was stopped after another 2 h and nanoparticle dispersion was stored at 4 °C for further use.

Synthesis of Au Nanostars

To synthesize Au nanostars, 0.2 mL of 25 mM HAuCI, was added into 15 mL of H,0,
followed by 20 L of 1 M HCl and 0.145 mL of 14 nm AuNP seeds. The solution was
stirred for 2 min, and then 40 4L of 10 mM AgNO3 was injected into the reaction. After 2-3
min, 100 /L of LAA (100 mM) was added rapidly. The solution turned green immediately
once LAA was introduced. After another 2 min, 1 mL of CTAB (10 mM) was added into the
mixture to stabilize the Au nanostars.

Synthesis of MSNs

MSN was prepared by co-condensation method. CTAB (500 mg) was dissolved in DI water
(240 mL) followed by the addition of NaOH aqueous solution (1.50 mL, 2 M). The mixture
was heated up to 80 °C under N5 in 500 mL round bottomed flask with vigorous stirring.
When the temperature became stable, TEOS (2.5 mL) was slowly added into the mixture
solution via syringe. The mixture became turbid after adding TEOS, and was then stirred at
80 °C for another 2 h. Afterward, nanoparticles were collected by centrifugation at 8000 rpm
for 10 min. The product was washed with MeOH, DI water and MeOH thoroughly. CTAB

ACS Nano. Author manuscript; available in PMC 2017 October 29.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Zhou et al.

Page 8

was removed by suspending the nanoparticles in MeOH (150 mL) containing HCI (3 mL,
37%). The mixture was refluxed at 80 °C for 24 h. The product MSNs were collected by
centrifugation at 8000 rpm for 10 min and thoroughly washed by MeOH, water and MeOH.

Synthesis of PSNs

The polystyrene nanoparticles were prepared by soap-free polymerization in the presence of
NaSS. Distilled 10 g styrene, 0.0831 g of KPS, 90 mL of water, and NaSS were charged into
the reactor and then deoxygenated with N, for 1 h. The reactant mixture was reacted at

70 °C for 24 h under N, atmosphere. The obtained PSNs were dialyzed against water before
further use.

Synthesis of MagNPs

FeCl3 - 6H,0 (2.4 g) and FeCl, - 4H,0 (0.982 g) were dissolved in 10 mL DI water under
N> gas with vigorous stirring at 80 °C. Then, 5 mL of ammonium hydroxide was added
rapidly into the solution. The color of solution turned to black immediately. After 30 min, 3
mL of oleic acid was added and the suspension was kept at 80 °C for 1.5 h. The obtained
magnetite nanoparticles were washed with water and MeOH until pH became neutral.
Magnetite nanoparticles (0.5 g) were added into 12 mL of water containing 10 mg of SDS,
and the mixture in ice—water bath was treated with ultrasound for 10 min to obtain
miniemulsion of magnetite nanoparticles. A styrene emulsion was prepared using 5 mL of
styrene, 50 mg of SDS, 40 mL of water, and 0.033 mL of tetradecane. Miniemulsion of
magnetite nanoparticle and 5 mg of KPS were added to a three-neck flask and stirred for 30
min at 500-600 rpm in N, atmosphere. Afterward, 10 mL of styrene emulsion was added
into the mixture, and the flask was placed in 80 °C water bath and maintained for 20 h to
obtain MagNPs. This as-fabricated MagNPs was collected with a magnet and redispersed in
H>0, and the collection-redispersion cycle was repeated three times before dispersing the
MagNPs in 10 mL of H,O for further usage.

Nanoparticle@PDA Core—Shell Nanoparticles

Typically, 50 mL of as-synthesized 50 nm Au nanoparticles were centrifuged at 900 rcf for
15 min. Then, the pellets were redispersed in 2 mL of H,0. 600 /L of the concentrated
AUNPs was dispersed in 16 mL of TRIS buffer (pH 8.5), followed by adding 10 mg of
dopamine. The reaction solution was stirred for 18 h, and the purple product was purified by
centrifugation. Similar procedure was applied to deposit PDA on other nanoparticles.

Synthesis of MagNP@PDA@AUNPs

MagNP@PDA solution was injected into 50 mL of H,O at 85 °C under vigorous stirring.
After 2 min, 4 mL of 0.1 wt % of HAuCI, was injected into the solution. The reaction
solution was stirred for 15 min at 85 °C. The color of dispersion turned into dark brown first,
and then became red finally. After purified by centrifugation, the obtained
MagNP@PDA@AUNPs were stored in DMF.
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Synthesis of ZIF-8 Nanoparticles

Nanosized ZIF-8 particles were prepared by mixing 5 mL of MeOH solution of Zn(NO3),
(12.5 mM) with 5 mL of MeOH solution of 2-methylimidazole (25 mM). The mixture was
shaken for 10 s, and then allowed to react at room temperature for 12 h. The product was
collected by centrifugation, washed several times with MeOH, and dried under a vacuum
overnight.

Synthesis of UiO-66 Nanoparticles

Nanosized UiO-66 particles were prepared by dissolving 4 mM ZrCl, and 4 mM H,BDC in
a mixture of DMF and EtOH containing acetic acid. The reaction vial was capped and
placed into an oven preheated at 100 °C for 12 h. The product was collected by
centrifugation and then washed three times with DMF. The product was suspended in
MeOH, and maintained at 60 °C for 3 days. MeOH was renewed every 24 h to remove DMF.
Finally, the product was washed 3 times with MeOH.

Synthesis of NP@PDA@ZIF-8 Nanoparticles

Typically, a predetermined amount of AUNP@PDA in MeOH was added into 3 mL of
MeOH solution of Zn(NO3), (12.5 mM), followed by 3 mL of MeOH solution of 2-
methylimidazole (25 mM). The mixture was shaken for 10 s, and then allowed to react at
room temperature for 12 h. The pink product was collected by centrifugation and washed 3
times with MeOH before dried under a vacuum overnight. Similar procedure and conditions
were used to coat ZIF-8 on other nanoparticles.

Synthesis of NP@PDA@UiO-66 Nanoparticles

Typically, a predetermined amount of AUNP@PDA in DMF was added into a mixture of 4
mM ZrCl4 and 4 mM H,BDC in a DMF-EtOH (v/v = 5:3) mixture. Afterward, the solution
was treated by ultrasonication for 10 min. Subsequently, the vial was capped and placed into
an oven preheated at 100 °C for 12 h. The pink product was collected by centrifugation and
then washed three times with DMF. The product was soaked in MeOH at 60 °C for 3 days,
and MeOH was renewed every 24 h to remove DMF. Finally, the product was washed 3
times with MeOH.

Catalytic Study on 4-Nitrophenol
The rate of catalytic reaction was determined using UV-vis spectroscopy. For this purpose,
4-nitrophenol (1.5 mL, 0.2 mM) was mixed with fresh NaBH,4 solution (1.5 mL, 15 mM). 50
L of different catalysts were added into the reaction mixture at room temperature. The
absorbance spectra was recorded in the range of 350 to 800 nm.

Catalytic Study on Methylene Blue

The rate of catalytic reaction was determined using UV-vis spectroscopy. For this purpose,
methylene (1.5 mL, 8 mg/L) was mixed with fresh NaBH,4 solution (1.5 mL, 15 mM). 50 gL
of different catalysts were added into the reaction mixture at room temperature. The
absorbance spectra was recorded in the range of 400 to 750 nm.
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Figure 1.
(a—c) TEM images of AUNP@PDA with a 6 nm PDA layer, and corresponding

AUNP@PDA@ZIF-8 with 40 and 90 nm ZIF-8 shell. (d,e) TEM images of AUNP@PDA
with a 25 nm PDA layer and corresponding AUNP@PDA@ZIF-8. (f) SEM image of
AuNP@PDA@ZIF-8.
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Figure2.
(a) UV-vis spectra of Au nanoparticle, AUNP@PDA, and AUNP@PDA@ZIF-8. Inset: TEM

image of AUNP@PDA@ZIF-8. (b) UV-vis spectra of Au nanoparticle, AUNP@PDA, and
AuNP@PDA@UIi0-66. Inset: TEM image of AUNP@PDA@UIi0-66. (c) XRD patterns of
different samples. (d) Nitrogen-sorption isotherms for different samples at 77 K up to 1 bar.
The solid and open symbols represent adsorption and desorption, respectively.
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Figure 3.
TEM images of (a) Au nanostars (AuNSs), (b) AUNS@PDA, (c) AUNS@PDA@ZIF-8. (d)

UV-vis spectra of different materials.
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Figure 4.
TEM images of (a) MSN, (b) MSN@PDA, (c) MSN@PDA@ZIF-8, (d) PSN, (e)
PSN@PDA, (f) PSN@PDA@ZIF-8.
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TEM images of (a) MagNP, (b) MagNP@PDA, (c) MagNP@PDA@ZIF-8. (d)
Magnetization curves at 300 K of different materials.
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TEM images of (a) MagNP@PDA@AUNPs, and MagNP@PDA@AUNPs coated with (b)
ZIF-8 and (c) UiO-66. (d) UV-vis spectra of different materials. Inset: photographs of
MagNP@PDA@AUNPs@MOF before (d1) and after (d2) magnetic separation.
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Reaction kinetics of the conversion of (a) 4-NPh and (b) MB catalyzed by various materials.
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Scheme 1.
Ilustration of the stepwise synthesis of nanoparticle@PDA, nanoparticle@PDA@MOF, and

metal nanocatalyst-loaded nanoparticle@PDA@MOF core—shell hybrid nanostructures.
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