
MOF Nanohybrids Hot Paper

A Universal Synthesis Strategy for Tunable Metal-Organic
Framework Nanohybrids**

Wei Zhang,* Michael J. Bojdys, and Nicola Pinna*

Abstract: Metal-organic frameworks (MOFs) with en-
capsulated nanoparticles (NPs) enjoy a vastly expanded
application potential in catalysis, filtration, and sensing.
The selection of particular modified core-NPs has
yielded partial successes in overcoming lattice mismatch.
However, restrictions on the choice of NPs not only
limit the diversity, but also affect the properties of the
hybrid materials. Here, we show a versatile synthesis
strategy using a representative set of seven MOF-shells
and six NP-cores that are fine-tuned to incorporate from
single to hundreds of cores in mono-, bi-, tri- and
quaternary composites. This method does not require
the presence of any specific surface structures or
functionalities on the pre-formed cores. Our key point is
to regulate the diffusion rate of alkaline vapors that
deprotonate organic linkers and trigger the controlled
MOF-growth and encapsulation of NPs. This strategy is
expected to pave the way for the exploration of more
sophisticated MOF-nanohybrids.

Introduction

Nanohybrids with multiple components show entirely new
physical and chemical phenomena that go beyond those of
their constituents in important applications such as light-
emitters, catalysts, plasmonic chemistry, sensing and
transistors.[1–6] Metal-organic frameworks (MOFs) are
uniquely suitable as synthesis platforms for a large variety of

multicomponent systems due to their modular and versatile
chemistries, and their guest-accessible pore structures.[7–22]

To date, MOFs are functionalised predominantly by two
strategies: (i) post-synthetic, diffusion-controlled introduc-
tion of guests into MOFs by chemical vapor deposition
(CVD),[23,24] solid grinding,[25] liquid impregnation,[26] and
microphase separation[27] and (ii) by encapsulation of pre-
formed guests into a nascent MOF.[28–43]

Both strategies impose severe restrictions on versatility
and quality of the targeted nanohybrids. Firstly, pre-formed
nanoparticles (NPs) usually require large quantities of
capping agents that become trapped in the pore structure
and that have detrimental effects on the interface between
MOFs and guests.[6,31, 35] Secondly, sacrificial template-assist-
ed synthesis usually yields uncontrolled nucleation of
polycrystalline MOF-shells around nanoparticle-cores.[36, 38]

The resulting grain boundaries affect the mass mobility
within MOF-shells and decrease the structural integrity of
the composites. Thirdly, the conventional strategies fail to
deliver the predictable and tunable encapsulation of a
target-number of guests. Most syntheses start out with static
conditions at fixed concentrations and, hence, yield nano-
hybrids with either one or many cores. Finally, the vast
majority of conventional strategies are valid only for one,
specific MOF-shell or functional guest-nanoparticle, which
stymies the systematic investigation of MOF-nanohybrids.

A universal synthesis strategy for MOF nanohybrids
resolves the long-standing shortcomings of conventional
syntheses. This method is based on the rate-controlled
deprotonation of organic building blocks by alkaline vapors
triggers the heterogeneous nucleation and controlled growth
of MOFs in the presence of any number and variety of
nanoparticle cores in solution. We control the number of
incorporated cores from one to hundreds of by varying the
strength of the counter anion from NO3

� to Cl� . Unlike the
previously reported studies on MOF-composites, this meth-
od does not require the presence of any specific surface
structures or functionalities on the pre-formed cores. In
overview, MOF precursors (metal salts and organic building
blocks) are first solubilised and then exposed to a controlled
flow of triethylamine (TEA) vapors (Figure 1a). Triethyl-
amine deprotonates an organic building block (e.g.,
imidazole) which in turn coordinates to a metal ion, and
forms the nucleus of the nascent MOF-shell. This heteroge-
neous nucleation and growth process is compatible with
almost any solid substrate, and hence, it enables a universal,
combinatorial approach to all possible core–shell combina-
tions. In previous reports, TEA vapor diffusion was
employed for synthesizing pure MOF crystals[44–46] or grow-
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Figure 1. A universal synthesis strategy for various MOF nanohybrids. (a) A proposed set-up consisting of two capped vials in a sealed beaker: one
vial contains the mother solution (MOF precursors, nanoparticles (NPs), and solvent). The second vial contains triethylamine solution. TEA vapor
diffuses into the mother solution and slowly releases locked ligands and drives heterogeneous nucleation occurring on NPs surface to form MOF
nanohybrids. Purple blocks represented deprotonated organic ligands. Green disk represented protons. Pink columns represented metal ions.
Orange rings represented triethylamine molecule. (b) Scheme diagram of constructing single-core@MOF and multi-cores@MOF. Strong
coordinating anion (Cl� ) can induce formation of multi-cores@MOF and weaker coordinating anion (NO3

� ) can induce formation of single-
core@MOF. (c) The 3D models of various MOFs, NPs and the obtained MOF nanohybrids in this work.
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ing MOF on substrates to form thin films,[47] or at liquid–gas
interface to form membranes[48] and in three-dimensionally
connected templates.[49] But no reports have been made on
the synthesis of MOF nanohybrids. To illustrate the
versatility of this method in construction of nanohybrids, we
focus on a set of seven archetypal MOF-shells (ZIF-zni,[50]

ZIF-8,[9] ZIF-67,[28] FJU-30,[51] MIL-88(Fe),[52] HKUST-1,[15]

and MOF-74(Co)[53]) and six commonly-used core species
(Ag, Au, NaYF4, β-FeOOH, Fe2O3 and Ni3[Fe(CN)6]2).
(Figure 1b,1c) This report demonstrates that (i) we can
overcome the lattice mismatch between the various shells
and cores, (ii) we form high-quality, single-crystalline MOF-
shells, and (iii) we can precisely control the number and
variety of cores within individual MOF-nanoparticles. The
successful growth of MOF-shells around various, as-received
cores using simple, vapor-assisted deprotonation opens a
new and universal route for the development of a future
generation of MOF-nanohybrids for plasmonic chemistry,
catalysis, and sensing.

Results and Discussion

To facilitate the vapor-assisted deprotonation and growth of
the target MOF-shells, we have devised a simple set-up
consisting of two capped vials in a sealed beaker (Figure 1a
and S1): one vial contains the mother solution (MOF
precursors, nanoparticles, and solvent), and it is closed by a
cap with one hole (1 mm diameter). The second vial contains
ethanolic solution of triethylamine (volume ratios of
triethylamine/ethanol are listed in Table S1), and a cap
punctured by three holes (1 mm diameter each). In a typical
experiment, the two vials were left in close proximity under
sealed atmosphere and room temperature for 8 hours. All
obtained MOF-shells were subsequently washed with
ethanol for several times and identified by phase-matching
of powder X-ray diffraction (PXRD) data (Figure S2).

In the following, we select as an example the nanohybrid
based on a ZIF-67 shell containing multiple β-FeOOH
nanoparticle cores (denoted as multi-β-FeOOH@ZIF-67) to
explain the encapsulation process. Nanorods of β-FeOOH
are ideal cores for the construction of nanohybrids, since
their surfaces are surfactant-free. In a typical synthesis,
cobalt chloride (9.5 mg, 4 mM), 2-methylimidazole (8.2 mg,
10 mM), and β-FeOOH (0.25 mL, 2 mgL� 1) are dissolved in
a total volume of 10 mL of ethanol to form the mother
solution. Subsequently, we seal one vial of the mother
solution and one vial of triethylamine solution (volume ratio
TEA/EtOH of 1 :3) in a 500 mL beaker (Figure S1). In the
absence of a base, 2-methylimidazole (pKa =14.4)[54] is
predominantly present in its protonated form (ethanol
pKa =16.0). Since the initial concentration of 2-meth-
ylimidazol anions (approx. 10� 8 molL� 1) is low, nucleation
of ZIF-67 does not take place (Figure S1). As triethylamine
(pKa =7.73)[55] gradually diffuses into the mother solution,
the equilibrium shifts to the formation of 2-methylimidazole
anions that drive heterogeneous nucleation of ZIF-67 on the
surface of β-FeOOH (Figure 2a and S3). Transmission
electron microscopy (TEM), high-angle annular dark field

(HAADF) scanning transmission electron microscopy
(STEM), and energy-dispersive X-ray (EDX) spectroscopy
on the multi-β-FeOOH@ZIF-67 composites show that β-
FeOOH nanorods are uniformly distributed throughout the
entire ZIF-67 shell (Figure 2a).

We conducted a series of control experiments to gain
insight into the encapsulation process. We adjusted the rate
of diffusion of triethylamine by changing the volume ratios
of TEA/Ethanol (from 2 :10, 3 : 9, 4 : 8 to 12:0). At a ratio
below 3 : 9, β-FeOOH nanorods are successfully encapsu-
lated into ZIF-67 shells to form the multi-β-FeOOH@ZIF-
67 composite (Figure S4a–4d). In the regime of low triethyl-
amine concentrations, more β-FeOOH nanorods will be
incorporated per core–shell particle. When the volume ratio
increased to 4 :8 (Figure S4e–4f), the size distribution of
core–shell composites becomes broad which indicates multi-
ple nucleation events and an uncontrolled growth and
encapsulation process. In the extreme case when pure
triethylamine is used, we observe homogeneous nucleation
of pure ZIF-67 crystals as the major product (Figure S4g–
4h). We used the ratios of weight of the inorganic particles
(after MOF dissolution) to weight of primal nanohybrids
and the atomic ratio of Fe/Co by EDS spectrum to
simultaneously evaluate the number of β-FeOOH nanorods
per ZIF-67 (Co(Hmim)2) particle. As we increase the
volume ratio of TEA/Ethanol, we observe ratios of weight
of the inorganic particles has been reduced from 39.2 % to
4.1%. Meanwhile, the EDS spectrum show that the ratio of
Fe/Co decreases from 1.6 (β-FeOOH, 40 wt% in hybrid) to
nearly 0 (Figure S5). In addition to changing volume ratios
of TEA, the diffusion rate can be regulated by varying the
number of holes in TEA solution vial as well (Figure S6). As
the number of holes increases from two to four, the size of
nanohybrids decreases, and internal β-FeOOH loads are
also reduced. These results demonstrate the importance of
slow diffusion/deprotonation to achieve a heterogeneous
nucleation and a “quasi-living” growth of ZIF-67 shells
around cores.

In our example, the multi-β-FeOOH@ZIF-67 size grew
from 500 nm to 4 μm when the concentration of the metal
salt (CoCl2) was increased from 2 mM to 8 mM, respectively
(under commensurate scaling of all components in the
mother solution) (Figure S7). Using an appropriate TEA/
EtOH ratio (of 3 :9), we observe the uniform encapsulation
of a multitude of β-FeOOH nanorods (at a Fe/Co ratio of
0.9) for all ZIF-67 shells obtained at various concentrations.
These results show that the size of multi-β-FeOOH@ZIF-67
nanohybrids can be easily tuned by changing the initial
concentration of the precursors.

We increased the concentration of β-FeOOH nanorods
from 10 to 250 mg L� 1 while keeping other parameters
constant. TEM images show an increased number of β-
FeOOH nanorods within the uniformly shaped shells (Fig-
ure 2b and S8). This qualitative observation is verified by a
quantitative increase of Fe/Co ratios from 0.13 to 1.6 as the
concentration of cores is increased (Figure 2c and S9). Given
a slow nucleation of the shells, the number of β-FeOOH
nanorods per ZIF-67 particle increases approximately line-
arly with the initial core concentration. During the growth
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process, β-FeOOH nanorods continuously adsorb onto the
ZIF-67 crystal surface and became encapsulated in subse-
quent stages of growth. Hence, we are able to achieve multi-
β-FeOOH@ZIF-67 nanohybrids with core-contents ranging
from 5% to 40% simply by adjusting the initial core
concentration.

To achieve the encapsulation of a singular core-particle,
we had to make sure that the MOF-shell grows with
sufficient speed while at the same time producing single-
crystalline MOF-domains of comparable size. Following our
deliberations on growth and size control above, we dis-
regarded an approach using simple concentration-dependent
diffusion kinetics, since we needed to ensure MOF-shell
undergo heterogeneous nucleation and relatively fast growth
process. MOF-growth is decisively influenced by the strong
interactions between chloride anions and Co2+ ions in the
solvated metal-salt precursor (Co[(EtOH)4Cl2]).[56] We var-
ied the MOF-growth kinetics by using Co(NO3)2 instead of
CoCl2 (Figure S10) as the metal salt precursor, effectively
substituting a small, strongly coordinating anion (Cl� ) by a
delocalised, weaker coordinating anion (NO3

� ). Similar to

CoCl2 system, we sealed the mother solution containing
equivalent concentrations of Co(NO3)2, 2-methylimidazole
and β-FeOOH nanorods in our vapor-diffusion set-up. TEM
images of obtained β-FeOOH@ZIF-67 nanohybrids show
the successfully encapsulation of individual β-FeOOH nano-
rods within discrete shells of ZIF-67 (Figure 2d and S11–12).
The size of the core–shell nanohybrid particles is approx.
500 nm with a characteristic rhombic dodecahedron shape
indicative of ZIF-67. The HAADF-STEM imaging and
EDX elemental maps of a single β-FeOOH@ZIF-67 particle
indicate the successful synthesis of the core–shell structure
(Figure 2d, Figure S13).

Finally, we used the LaMer-type growth model to
qualitatively evaluate the different processes of nucleation
and growth of the two MOF nanohybrids, β-FeOOH@ZIF-
67 and multi-β-FeOOH@ZIF-67 (Figure S14a).[30] For single
β-FeOOH@ZIF-67, the metal precursor Co(NO3)2 provides
free cobalt cations readily at the onset of the reaction
(Figure S14b). With the diffusion of triethylamine into the
mother solution, 2-methylimidazole anion concentration
increases slowly (Figure S14c). When the concentration

Figure 2. Structure characterization of multi-β-FeOOH@ZIF-67 and β-FeOOH@ZIF-67. (a) The 3D model, TEM image, STEM image and
corresponding element mapping images of multi-β-FeOOH@ZIF-67 nanohybrids. The scale bar is 500 nm. (b) TEM images and 3D models of
multi-β-FeOOH@ZIF-67 obtained at different initial β-FeOOH concentrations. 1 :10 mgL� 1; 2 :25 mgL� 1; 3 :100 mgL� 1; 4: 250 mgL� 1. (c) The ratio
of Fe to Co as a function of initial concentration of β-FeOOH nanorod. (d) The 3D model, TEM image and corresponding element mapping
images of β-FeOOH@ZIF-67. The scale bar is 200 nm.
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required for heterogeneous nucleation is reached, growth of
ZIF-67 occurs preferentially on the surface of β-FeOOH
(Figure S15), since the nucleation threshold is lower on a
solid surface (Figure S14a). Subsequently, free Co2+ cations
and 2-methylimidazole anions rapidly attach onto these
primary nuclei leading to further growth of the MOF-shell
into single β-FeOOH@ZIF-67 nanohybrids (Figure S15a).
Using CoCl2, the concentration of free cobalt cations is very
low throughout the reaction (Figure S10, S14b). TEA vapors
gradually diffuse into the mother solution forming 2-meth-
ylimidazole anions. When the nucleation threshold is
reached, fewer MOF-nuclei form on the surfaces of β-
FeOOH compared to the Co(NO3)2 system. Due to compet-
ing Cl� anions in the solution, the nascent surfaces of ZIF-67
nuclei are less stable. Absorption of β-FeOOH onto such a
fresh ZIF-67 surface leads to its stabilization (Figure S15b).
As a result, the β-FeOOH-MOF nuclei gradually agglomer-
ate into micron-sized multi-β-FeOOH@ZIF-67 nanohybrids.
Their recognizable equilibrium morphology (Figure S16)
and epitaxial growth results (Figure S17) suggest the for-
mation of single crystal ZIF-67 in above cases.

In the example above, the formation of the composites
does not rely on the presence of specific surface species or
on a lattice match between the core and the shell. Therefore,
it is possible to extend our method to a multitude of core–
shell systems. We selected inorganic nanoparticles with
different functional groups, and with different morphologies
and sizes including surfactant-free Fe2O3 ellipsoids, tannic
acid stabilized Ag NPs, oleic acid modified NaYF4 NPs, PVP
stabilized Au NPs and citrate capped Ni3[Fe(CN)6]2 nano-
cubes to synthesize the corresponding ZIF-67 nanohybrids
(Figure S18). TEM images of core@ZIF-67 nanohybrids
show the successful synthesis of core–shell structures that
are independent of the chemistry and morphology of the
core (Figure 3 and S19–20). As in our initial example, using
Co(NO3)2 as precursor results in the encapsulation of only
one (or few) NP-cores within individual ZIF-67-shells (Fig-
ure 3a). As expected, CoCl2 yields core–shell nanohybrids
with larger core-content per particle (Figure 3b).

Since the formation of the core–shell composites is fully
independent of the core, we designed more complicated
structures combining two, three and four types of cores into
one MOF-shell. In the growth process, ZIF-67 shells
encapsulate any colloidally stable nanoparticle. Conse-
quently, we obtained complex MOF hybrids as binary- (β-
FeOOH, NaYF4@ZIF-67), tertiary- (β-FeOOH, NaYF4,
Au@ZIF-67) and quaternary composites (β-FeOOH, NaYF4,
Au, Ag@ZIF-67) using our method (Figure 3c and S21–23).
The corresponding EDX elemental analysis and mapping
show that different types of inorganic nanoparticles are
uniformly distributed in micron-sized ZIF-67 shells (Fig-
ure 3c, Figure S21–23).

As mentioned before, the ratios of triethylamine/ethanol
solutions are used to regulate the diffusion rates of TEA,
and therefore influencing the deprotonation of organic
ligands. A lower ratio of triethylamine/ethanol solutions
corresponds to a slower deprotonation process. In addition,
the ratios of ligands to metal precursors affect the MOF
growth as well. The excess ligand linker usually increases

the formation of metal-ligand complexation and therefore
improving rate of crystallization and nucleation. Slower
growth rate of MOF facilitates crystal growth and engulf-
ment of more nanoparticles within per particles. Therefore,
we will try to optimize rational reaction parameters to widen
the scope of our method to encompass different MOF-shells.
We selected ZIF-8 as an excellent starting-candidate since it
has the same crystal structure as ZIF-67, and it consist of of
Zn2+ cations and 2-methylimidazole anions.[9] Using ZnCl2

as the metal precursor, we obtained various micron-sized
nanohybrids with ZIF-8 shells (Figure 4 and S24–25).
Subsequently, we chose structurally very different systems
FJU-30 (Zn5(C2H2N3)6Cl4) and ZIF-zni (Zn(IM)2). FJU-30
and ZIF-zni are composed of Zn2+ cations and 1H–1,2,3-
triazole anions and imidazole anions, respectively[50, 51]—both
organic building blocks are deprotonated by the stronger
base, triethylamine. The TEM images show the successful
synthesis of nanohybrids with shells of FJU-30 and ZIF-zni
(Figure 4 and S26–28). With N-containing ligands exhaus-

Figure 3. TEM images of ZIF-67 nanohybrids that encapsulate different
types and contents of nanocrystals. (a) The 3D models and TEM
images of ZIF-67 nanohybrids that contain surfactant-free β-FeOOH
nanorod, surfactant-free Fe2O3, tannic acid stabilized Ag, contain oleic
acid stabilized NaYF4, PVP stabilized Au and sodium citrate stabilized
Ni3[Fe(CN)6]2.These ZIF-67 nanohybrids are synthesized by using
Co(NO3)2 as metal precursor. (b) The 3D models and TEM images of
ZIF-67 nanohybrids that contain numerous nanoparticles. These ZIF-67
nanohybrids are synthesized by using CoCl2 as metal precursor. (c) The
3D model, TEM image and corresponding element mapping images of
β-FeOOH, NaYF4, Au, Ag@ZIF-67 composite (four types of nano-
crystals) that contain surfactant-free β-FeOOH nanorod, oleic acid
stabilized NaYF4, PVP stabilized Au and tannic acid stabilized Ag.
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tively covered, we apply our method to O-containing organic
building blocks. Here, we selected MIL-88 (from Fe3+ and
BDC (1,4-Benzenedicarboxylate)),[52] HKUST-1 (from Cu2+

and BTC (1,3,5-benzenetricarboxylate))[15] and Co-MOF-74
(from Co2+ and DOBDC (2,5-dioxido-1,4-benzenedicarbox-
ylate))47 as the shells into which we successfully incorporated
various NPs as cores (Figure 4 and Figure S29–31). In
addition to ethanol, various MOF nanohybrids can be
obtained as well via using DMF or isopropanol as solvents
(Figure S32–34). Our results unambiguously demonstrate
that our proposed method is a powerful synthesis tool with a
very broad scope for the synthesis of well-defined, tailored,
and chemically extremely versatile MOF nanohybrids.

Conclusion

Using this uniquely versatile method of vapor-assisted
deprotonation and nucleation of MOFs around various NP-
cores, we have obtained a multitude of nanohybrids from
seven different MOF shells (ZIF-zni, ZIF-8, ZIF-67, NJU-

30, MIL-88(Fe), HKUST-1 and MOF-74(Co)) and six core
species (Ag, Au, NaYF4, β-FeOOH, Fe2O3 and Ni3[Fe-
(CN)6]2). The rate of diffusion of triethylamine vapors
controls the deprotonation process of organic building
blocks, and thus allows precise and unprecedented control
over the growth dynamics and compositions of core–shell
nanohybrids. The slow deprotonation process favours heter-
ogeneous nucleation at the surfaces of colloidal nano-
particles—independent of their chemistries, structures and
morphologies. We can tailor the precise number of encapsu-
lated core-particles from one to hundreds by (i) adjusting
the rate of nucleation and by (ii) tuning the coordination
environment of the metal precursors. As a result, our
method is applicable to any kind of core-nanoparticle and
various MOF-shells that can be combined into simple and
complex (binary, tertiary-, and quaternary) composite sys-
tems. This method provides a powerful tool for the design
and synthesis of the future generation of MOF-based core–
shell nanohybrids.

Figure 4. (a) The crystal structure of ZIF-zni, components of ZIF-zni, 3D model and TEM images of multi-Fe2O3@ZIF-zni nanohybrids (From top to
bottom, respectively). (b) The crystal structure of ZIF-8, components of ZIF-8, 3D model and TEM images of multi-Fe2O3@ZIF-8 nanohybrids. (c)
The crystal structure of FJU-30, components of FJU-30, 3D model and TEM images of multi-β-FeOOH@FJU-30 nanohybrids. (d) The crystal
structure of MIL-88, components of MIL-88, 3D model and TEM images of multi-β-FeOOH @MIL-88 nanohybrids. (e) The crystal structure of
HKUST-1, components of HKUST-1, 3D model and TEM images of multi-Fe2O3@HKUST-1 nanohybrids. (f) The crystal structure of MOF-74,
components of MOF-74, 3D model and TEM images of multi-Fe2O3@MOF-74 nanohybrids.
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