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a b s t r a c t 
 

Composites based on Metal-Organic Frameworks (MOFs) are an emerging class of porous materials that  
have been shown to possess unique functional properties. Nanoparticles@MOFs composites combine the  
tailorable porosity of MOFs with the versatile functionality of metal or metaloxide nanoparticles. A wide  
range of nanoparticles@MOFs have been synthesised and their performance characteristics assessed in  
molecular adsorption and separation, catalysis, sensing, optics, sequestration of pollutants, drug delivery,  
and renewable energy. This review covers the main research areas where nanoparticles@MOFs have  
been strategically applied and highlights the scientific challenges to be considered for their continuing  
development. 
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1.  Introduction 
 

Metal-Organic Frameworks (MOFs), also called Porous coor- 
dination Polymers (PCPs), are of significant interest to chemists  
due to their exceptionally high surface areas and structural diver- 
sity. Furthermore, the modular approach to their synthesis, allows  
for the preparation of porous networks with precisely tailored  
chemical and physical attributes [1-5]. These unique features have  
led researchers to explore combining MOFs with other functional  
materials to form novel composites with advanced properties [6].  
Indeed, ceramics, metal nanoparticles, polymers and biomolecules  
have been combined with MOFs to afford new materials that have  
demonstrated unprecedented performance in the areas of catal- 
ysis [7], molecular separations [8], sensing [9], plasmonics [10],  
gas storage [11], controlled guest release [12,13], and protection  
of biomacromolecules [14]. The most widely studied of these com- 
posite systems are based on integrating metal and metal oxide  
nanoparticles with MOFs. This may be attributed to the versatility  
of the synthetic approaches for metal oxide (ceramic) and metallic  
nanomaterials. For example, metal and metal oxide nanoparticles  
can be prepared by infiltrating the precursors in the pre-formed  
porous MOF crystals, either via the vapor or liquid phase [1,15].  
Particle formation is subsequently triggered within the MOF by the  
application of heat [16,17], reducing agents [18,19] or radiation  
[20,21] (Fig. 1a). Alternatively, because the mild synthetic condi- 
tions typically used to synthesize MOFs do not affect the chemical  
composition, structure and morphology of most metal or metal  
oxide nanoparticles, a ‘one-pot’ approach can be applied where  
the MOF is crystallised in the presence of pre-formed functional  
nanoparticles [22]. In the resulting composite, the MOF encapsu- 
lates the functional nanoparticles (Fig. 1b). 

A conceptually  different,  emerging  approach  termed  pseu- 
domorphic  replication  relies  on  the  preparation  of  core-shell  
inorganic particles where the core is the ‘functional’ nanoparti- 
cles and the shell is a feedstock material for the inorganic node 

Fig. 2. Schematic illustration of different applications of nanoparticles@MOFs.  
 

of the MOF [13]. Under judiciously controlled conditions, the shell 

reacts rapidly with the organic precursor ligands to grow the MOF 

network around the core nanoparticles (Fig. 1c) [23]. Finally, pre- 
formed MOFs and nanoparticles can be combined to form clusters of 

the two components (Fig. 1d). 
The focus of this review is to canvass the variety of applica- 

tions that have been explored for nanoparticles@MOF composites  
and to highlight how this unique combination leads to mate- 
rials with enhanced performance characteristics in the areas of  
gas adsorption, catalysis, sensing, microelectronics, sequestration,  
delivery and biomedical applications, fuel production and separa- 
tion (Fig. 2). 

 
2.  NP@MOFs for gas storage and separation 

 
MOFs have been thoroughly investigated for their application to  

the storage and separation of a number of gases, including hydro- 
gen, carbon dioxide and methane [24-26]. To improve the relatively  
weak physisorption forces, researchers have applied their efforts 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. Different synthetic approaches for the preparation of nanoparticles@MOF composites: (a) infiltration in preformed MOFs, (b) self-assembly of MOFs encapsulating  
the nanoparticles, (c) pseudomorphic replication converting a ceramic shell of a core-shell nanoparticle into a MOF, (d) individual preparation of MOFs and nanoparticles  
and subsequent mixing. 



 
 
 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3. Schematic illustration of nanoparticles@MOFs for gas adsorption (H2 ) and gas 

separation (Kr and Xe). 
Fig. 4. (a) Hydrogen adsorption on MOFs usually occurs by weak van der Waals  
interactions. The introduction of metal nanoparticles allows for the stronger mech- 

to tuning pore sizes, modifying pore chemistry and generating  
co-ordinatively unsaturated metal sites [15,27]. In addition, com- 
bining metal and metal oxide nanoparticles with MOFs has shown  
promise towards increasing the interactions with adsorbates that  
would normally have extremely weak interactions with the pore  
surfaces such as hydrogen and noble gases. Here we highlight  
examples where the introduction of nanoparticles into MOFs has  
been successfully employed to enhance gas adsorption and sepa- 
ration (Fig. 3). 
 

2.1.  Hydrogen storage 
 

Alternative energy sources are in high demand given the present  
concerns of climate change, energy security and pollution. One such  
alternative is hydrogen gas as it can be produced from domestic  
resources and can be used to power fuel cells as zero-emission  
energy generators. Despite the advantages of hydrogen as a fuel  
source there are concerns over safe storage methods at high pres- 
sures, especially for automotive applications. There are a number of  
strategies that mitigate this issue, one of which is storing hydrogen  
within porous frameworks. Most porous materials store hydro- 
gen by way of weak van der Waals interactions [28], however,  
transition metals can adsorb hydrogen via a metallic bonding  
and dissociation processes, described conceptionally in Fig. 4a.  
The combination of high surface areas and enhanced adsorption  
enthalpy at a metal surface suggests that metal/metal oxide@MOF  
composites are promising materials for hydrogen storage. 

An early example of metal/metal oxide@MOF composites for  
hydrogen storage was reported by Yang and Li who demonstrated  
that a physical mixture of MOF and Pt supported on active carbon  
significantly enhances hydrogen uptake capacity at room temper- 
ature [29]. Remarkably, the increase in adsorption does not follow  
the weighted average of MOF and Pt/C. The observed enhancement  
is attributed to the so-called ‘hydrogen spillover’ effect (Fig. 4b)  
where hydrogen molecules dissociate at the metal cluster, then  
move to the carbon support and subsequently to the organic com- 
ponents of the MOF [30]. This effect has been demonstrated in a  
number of MOFs [31-35], furthermore, ab initio calculations have  
been applied in an effort to understand the mechanism of this pos- 
tulated adsorption process [36-39]. Recently, however, Luzan and  
Talyzin reported that the spillover effect from Pt/C catalyst to MOF  
was irreproducible [40], and Hirscher has commented it may be  
below the detection limit of the gas adsorption apparatus [41]. Yang  
and co-workers note that the methodology to maximize spillover 

anism (b) where dissociation and subsequent ‘spillover’ may occur. 
 

depends on a number of experimental factors involved in sample 

preparation [42]. 
Despite the questionable mechanism of hydrogen spillover in  

physical mixtures of MOFs with Pt/C, work focused on more struc- 
turally  well-defined  metal  nanoparticles@MOF  composites  has  
shown promising results. For example, Pd nanoparticles loaded in  
MOF-5 (1 wt% loading) and in SNU-3 (3 wt% loading) demonstrated  
increased hydrogen adsorption at low pressure and temperature  
[43,44]. Pd@SNU-3 also showed an increase in hydrogen uptake at  
room temperature and high pressure compared to SNU-3, how- 
ever calculated isosteric heats of adsorption indicated that the  
Pd@SNU-3 possessed a lower enthalpy of adsorption for H2. This  
result further highlights that the mechanism of action in these  
materials is not comprehensively understood. Materials with sig- 
nificantly higher Pd content have been described by Latrouche  
and co-workers, who were able to produce MIL-100(Al) embed- 
ded with 10 wt% metallic Pd [18]. These high loadings gave rise  
to a decrease in surface area and pore volume as indicated by  
nitrogen adsorption experiments. This would be anticipated due  
to the pore volume consumed by Pd nanoparticles. Consistent  
with the lower pore volume of these samples, the 77 K hydro- 
gen capacity of the Pd@MIL-100(Al) samples were less than that  
of the bare framework. However, the room temperature hydrogen  
uptake capacity was significantly improved; 0.35 wt% at room tem- 
perature and 4 MPa. These values are approximately double that  
of MIL-100(Al). Characterization by X-ray diffraction revealed that  
the high capacity at room temperature is partially explained by  
formation of Pd hydride that occurs readily at room temperature.  
Recently, Kitagawa and co-workers have significantly improved  
hydrogen storage capacity of Pd nanoparticles by employing a MOF  
coating [11]. Here, samples of Pd nanocrystals were successfully  
covered in the HKUST-1 leading to a drastic increase in the storage  
capacity and kinetics of hydrogen adsorption compared to the base  
Pd nanocubes (Fig. 5). Notably, at elevated temperatures HKUST-1  
shows no appreciable hydrogen adsorption. Further investigations  
by X-ray photoelectron spectroscopy (XPS) suggest the enhanced  
hydrogen storage capacity in the composite material is a result of  
electron transfer from Pd nanocrystals to the HKUST-1 coating. This  
approach is widely applicable to other metal nanoparticles@MOF  
systems and may provide a general method to enhance the reac- 
tivity of nanoparticles. 

Pt nanoparticles are known to afford extremely strong interac- 
tions with hydrogen. For example, Pd black is able to absorb and 



 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5. Hydrogen adsorption isotherms (desorption is shown by open symbols) for bare Pd nanocubes, HKUST-1 and Pd@HKUST-1 at 303 K (a) and hydrogen adsorption 

profiles at 303 at a pressure of 101.3 kPa over a period of 50 minutes (b). TEM images of Pd nanocubes (c) and Pd@HKUST-1 (d). 
Reproduced from ref. [11]. 
 
 
desorb hydrogen at room temperature, however, hydrogen cannot  
be desorbed from Pt black at room temperature under evacuation  
[28]. Inspired by the results of Yang and Li’s bridged Pt/C and MOF  
materials [29], Senker et al. were able to synthesize samples of  
ultra-high surface area MOF-177 loaded with 43 wt% Pt nanoparti- 
cles [45]. The resulting composite was reported to adsorb 2.5 wt% of  
hydrogen at room temperature at 144 bar. This gives rise to a stor- 
age capacity of 62.5 g   L−1, which is close to that of liquid hydrogen 

 
 

2.2.  Noble gas separation 
 

Molecular separation of Kr and Xe is important as reprocessing  
nuclear fuel requires the removal of radioactive85Kr from Xe in  
the off-gas [46]. Currently, separation of these gasses is achieved  
by cryogenic distillation. This process is extremely energy inten- 
sive owing to the low boiling points of Kr and Xe at −153◦C and  
−108◦C, respectively. Similar to hydrogen, noble gases interact 

H
2 

at 70 g   L−1. Unfortunately, subsequent cycles show decreasing H
2 

capacity that can be explained by passivation of the Pt surface by 
stable Pt-H moieties. 

Overall, research into hydrogen adsorption in these materi- 
als highlights the advantages of combining the strong adsorption  
potential of metal nanoparticles and high surface areas of MOFs.  
However, for this area to progress further work needs to be focused  
on elucidating the mechanism of action for hydrogen adsorp- 
tion, especially with respect to the observed hydrogen spillover  
effect [30]. A better understanding of these systems will facil- 
itate the hypothesis driven design of novel composites for H2  
storage. 

very weakly with the surfaces of porous materials. This has moti- 
vated researchers to use metal nanoparticles as a strategy towards  
enhancing uptake capacity. Groose and co-workers reported that  
Ag clusters in X- and Y-type zeolites gave rise to a higher uptake of  
Xe, when compared to the original sodium ion containing zeolites,  
and was dependent on Ag loading [47]. Subsequently, Thallpapally  
et al. were able to produce Ag nanoparticles in MOF-74(Ni) with  
up to 6.59 wt% Ag [48]. The Xe and Kr adsorption of these mate- 
rials showed the Xe capacity at 1 bar and room temperature was  
increased by 15.6% when compared to the bare framework (Fig. 6).  
Importantly, the introduction of Ag to MOF-74(Ni) did not signif- 
icantly increase the Kr capacity, as it is less polarizable than Xe. 



 
 
 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 7. Schematic Illustration of some representative reactions catalyzed by MOF 

supported metal nanoparticles. 
Fig. 6. Xe and Kr isotherms for bare MOF-74(Ni) and a sample of Ag@MOF-74(Ni) 
loaded with 1.47 wt% Ag.  
Reproduced from ref. [48]. 
 
 
Accordingly, the adsorption selectivity (calculated from the pure  
gas isotherms and a 50:50 mixture) was double that of the bench- 
mark activated-carbon was achieved. These extremely promising  
results suggest that metal nanoparticle@MOF composites should  
be further investigated for their potential application to noble gas  
separations. 
 
 
3.  NP@MOFs for catalysis 
 

Metal nanoparticles are highly attractive materials for cataly- 
sis due to the larger surface area/unit volume ratio as compared  
to their bulk metal analogues that are traditionally used in indus- 
trial catalysis [49,50]. However, there are still some major barriers  
for the widespread use of nanoparticles as catalysts. Some of these  
drawbacks include a tendency to aggregate, low recyclability, and  
difficulty recovering the nanoparticles from the reaction media. To  
overcome these problems, metal nanoparticles are typically immo- 
bilized on or in supports [51]. A common strategy is to use porous  
materials with well-defined pore characteristics; in this way, the  
partition between the exterior and the interior pore structure per- 
mits the selective gating of the molecules that reach, and therefore  
react with the nanoparticles [52]. Porous materials also have the  
advantage of confining and protecting the nanoparticles, thus facili- 
tating their recovery from the bulk solution and preventing particle  
aggregation. In this context, the regular porosity of MOFs together  
with the possibility to tailor their pore size, shape and chemical  
functionality makes them an excellent platform to support active  
metal nanoparticles for heterogeneous catalysis [53]. 

Table 1 summarizes some reactions already tested using MOF  
supported metal nanoparticles as catalysts, highlighting the nature  
of the MOF and the nanoparticle, the nanoparticle size, and the  
weight percentage of the nanoparticle in the MOF. These studies  
are largely based on oxidation, hydrogenation, C-C coupling and H2  
production reactions (Fig. 7). However, other important catalytic  
processes are now being investigated. For example the catalytic  
synthesis of methanol from CO2 and H2, using Cu nanoparticles sta- 
bilized into MOF-5, was demonstrated by Fischer et al., who found  
a maximum 70 molMeOH g−1cat h−1  methanol production [54].  
More recently, complex cascade reactions involving Knoevenagel  
condensations and subsequent hydrogenations were successfully  
catalyzed using IRMOF-3 supported Pd nanoparticles [53]. 

3.1.  Oxidation of CO 
 

Among the oxidation processes, oxidation of carbon monoxide  
to carbon dioxide has been extensively studied because of the high  
toxicity of carbon monoxide and its importance in fuel cell tech- 
nology, where the preferential oxidation of carbon monoxide in  
excess of hydrogen is a key process for the production of clean  
fuel [55]. Overall, MOF supported nanoparticles have showed good  
performance for carbon monoxide oxidation at elevated temper- 
atures. For example, Xu, Hupp, and Gascón groups reported that  
Au and Pt nanoparticles supported in ZIF-8 and NH2-MIL-101(Al)  
afford the total conversion of carbon monoxide to carbon dioxide at  
around 200◦C [7,56,57]. Importantly, the reaction temperature can  
be reduced to 100-150◦C by incorporating Pt, Pd and Cu nanopar- 
ticles within MIL-101 and Pd nanoparticles within MOF-5 [58-60].  
Additionally, the total conversion of carbon monoxide to carbon  
dioxide was observed when CuO/CeO2 nanoparticles were formed,  
in situ, within HKUST-1 [61]. 

 
3.2.  Oxidations of alcohols and hydrocarbons 

 
MOF supported metal nanoparticles have been also used as  

catalysts for aerobic alcohol oxidation reactions which are consid- 
ered as key reactions in ‘green’ organic synthesis. These processes  
usually require temperatures above 100◦C (under solvent free con- 
ditions), or the presence of a large excess of a base. The majority of  
these investigations employ Au and Pd nanoparticles supported in  
different MOFs. Fischer and co-workers first studied the oxidation  
of benzyl alcohol to benzyl aldehyde using Ru and Au nanoparti- 
cles [62], and Au/ZnO and Au/TiO2  nanoparticles [63] supported  
on MOF-5. For the Ru nanoparticles, which could be easily con- 
verted to RuOx by oxidation with diluted O2 gas inside MOF-5, the  
conversion of benzyl alcohol was low (25%). This was attributed to  
the structural decomposition of MOF-5 during the oxidation reac- 
tion. However, in the case of Au and hybrid Au/ZnO and Au/TiO2  
nanoparticles, the authors observed better performance (conver- 
sion ranges of 50-70%) when a base was added to accelerate the  
oxidation reactions by deprotonation of the alcohol. These results  
were in contrast to those obtained by Ishida et al., who reported  
that Au nanoparticles embedded in MOF-5 activate the oxidation  
reaction with base (conversion = 100%) but also without base (con- 
version = ∼70%) [64]. 

A variety of alcohol oxidation reactions have been investi- 
gated by the group of Li. Here, catalytic activity of a series of  
composites was assessed that were made from different combina- 
tions of MOFs (DUT-5, UiO-66, MOF-253, UiO-67, and MIL-101(Cr)) 



 
 
 
 

 

 
Table 1 
List of MOF supported metal nanoparticle catalysts by reaction and substrate. 

 
MOF composite Nanoparticle Weight (%) Size (nm) Conv. (%)a Ref. 
Oxidation  
CO 
ZIF-8 Pt 3.4 2.5 ± 4.1 100 [7] 
ZIF-8 Au 5 4.2 ± 2.6 100 [56] 
MIL-101-NH2 (Al) PTA/Pt 100 [57] 
MIL-101(Cr) Cu/Pd 2.9 2-6 100 [58] 
MIL-101(Cr) Pt/Pd 2.9 3-9 100 [59] 
MOF-5 Pd 0.19 65 [60] 
HKUST-1 CuO/CeO2 5-15 100 [61] 
MIL-101(Cr) Pt 2/1/5 1.8 ± 0.2 100 [99] 
Ra-MOF Pd 3.6 1.8 ± 0.3 100 [100] 
Alcohols 
MOF-5 Ru 30 1.5-1.7 25 [62] 
MOF-5 Au/ZnO-Au/TiO2 -Au 1-20 2.7-20 50/68/74 [63] 
MOF-5/MIL-53(Al) Au 1.5 ± 0.7 99 [64] 
DUT-5/UiO-66/MOF-253 Pt 0.5 1.5-2 99 [65] 
UiO-67 Pd 1 3±0.5 99 [66] 
MIL-101(Cr) Au 0.5 2.3 ± 1.1 100 [67] 
ZIF-8 Au 30 3.7 81 [68] 
UiO-66-NaBH4 Au 5-7 94 [69] 
MOF-177 Pt 43 2-3 [45] 
UiO-66-NH2 Au 1.8 2.8-3.1 94 [101] 
UiO-66 Au 8 54 [102] 
MIL-101(Cr) Pd 0.35 2.5 ± 0.5 99 [103] 
Cyclohexane 
MIL-101(Cr)/MIL-53(Cr) Au 4.64/4.63 4.8 ± 2.9 30/31 [70] 
MIL-101(Cr) Au/Pd 1 2.4 ± 0.6 51 [71] 
Benzylic hydrocarbons 
HKUST-1 Fe3 O4 28.78 20 [72] 
Benzyl-amine 
UiO-66-NaBH4 Au 5-7 53 [69] 

Ethylene 
ZIF-8 Pt/Pd 4.95/2.70 6.2 94 [73] 
Hydrogenation 
Ketones 
MIL-101(Cr) Pt 1.5-2.5 97-98 [85] 
MIL-101(Cr) Pd 15 2-3.5 100 [86] 
MIL-101(Cr) Pd 42-45 1.7 100 [89] 
1-Hexene 
ZIF-8 Pt 0.23-0.74 2-3 95 [83] 
1-Hexyne 
ZIF-8 Pt 1 2.7 100 [84] 
1,4-Butynediol 
ZIF-8 Pd 5 4-6 98 [104] 
Styrene 
MIL-101(Cr) Pd 1 1.5 80-100 [82] 
MOF-5 Pt 1 97 [43] 
MesMOF-1 Ni 20 1.1 99 [105] 
Toluene 
MIL-101-NH2 (Al) PTA/Pt [57] 
Acetylene 
MIL-101(Cr) Pd 1 1.5 80-100 [82] 
Nitroarenes/Nitrobenzene 
MIL-101(Cr) Pt 1 1.5-2.5 100 [88] 
MesMOF-1 Ni 20, 35 1.1, 1.4-1.9 100 [105] 
Phenol 
MIL-101(Cr)-MIL-53(Cr) Pd 4.3/4.9 2.5/4.3 100 [87] 
Nitrophenol 
ZIF-8 Au 10-15 2-3 100 [106] 
ZIF-8 Au/Ag 2/2 100 [107] 
MIL-100(Fe) Au 100 [108] 
Cyclohexanone/Cycloheptanone 
MIL-101 Ni/Pd 18 2.5-3.5 80/100 [109] 
Octane 
MIL-101(Cr) Pt 1.2 5±0.5 100 [90] 

 



 
 
 

 

 

 
Table 1 (Continued) 

MOF composite Nanoparticle Weight (%) Size (nm) Conv. (%)a Ref. 
2,3,5-trimethylbenzoquinone 
MIL-101(Cr) Pd 2 2-3 100 [91] 
Benzene/cyclohexene 
MOF-5 Ru 0.98 2 99 [110] 
Other olefins 
HKUST-1 Au/Pt 100 25 [111] 
2.16. Vanilin 
MIL-101(Cr) Pd 2 1.8 ± 0.2 45 [112] 
Dehalogenation of aryl chlorides 
MIL-101-NH2 (Cr) Pd 0.62 2.49 98 [92] 
C-C coupling 
Suzuki-Miyaura coupling 
MIL-101(Cr) Pd 1 1.9 ± 0.7 82 [93] 
MIL-53-NH2 (Al) Pd 1 3.12 99 [94] 
MIL-101-NH2 (Cr) Pd 8 2-3 99 [95] 
MCoS-1 Pd 1 2-3 97 [96] 
Ullman coupling 
MIL-101(Cr) Pd 1 1.9 ± 0.7 99 [93] 
Sonogashira reaction 
MCoS-1 Pd 1 2-3 94 [96] 
MOF-5 Pd 3 3-6 100 [97] 
Heck reaction 
MIL-53-NH2 (Fe) Pd 0.96 3.2 83 [98] 
Hydrogen generation 
IRMOF-3 Pd 2 35 100 [53] 
MIL-101(Cr) Ni/Au 1.8 ± 0.2 100 [74] 
ZIF-8 Ni 19 2.7 ± 0.7 100 [75] 
ZIF-8 Ni/Pt 1-3 2.2 ± 0.3 100 [76] 
MIL-101-EDA(Cr) Au/Pd 13.7/1.5 2-3 100 [77] 
MIL-125-NH2 Pd 0.5 3.1 [78] 
MIL-101-NH2 (Cr) Pt 1.5 3.75 ± 0.5 [79] 
HKUST-1 Pd 0.86 4.3 ± 1.1 100 [113] 
Other 
Reduction of Cr(VI) 
UiO-66-NH2 Pd 0.93 3-6 100 [114] 
MIL-101(Cr) Pt 2 2.6 100 [115] 
Methanol synthesis 
MOF-5 Pd/Cu 36/13 1-2 [54] 
MOF-5 Cu/ZnO 1.4/40 1-3 [116] 
Conversion of methylcyclopentane 
UiO-66 Pt 0.4 2.5 100 [117] 
Synthesis of arylamines 
MIL-101(Cr) Pd/Pt [118] 
Aminocarbonylation 
ZIF-8 Pd 1 4-9 99 [119] 
MOF-5 Pd 1 3-12 92 [120] 
Indole synthesis 
MIL-101(Cr) Pd 3 2.6 67 [121] 
Phenylation of naphthalene 
MOF-5 Pd 2.3 20 65 [122] 
Direct arylation 
MIL-101(Cr) Pd 0.5 2.6 ± 0.5 85 [123] 
a Maximum conversion value reached (or reported). 

and metal nanoparticles (Pt, Pd and Au). Overall, they showed  
that the confined metal nanoparticles were highly active in this  
type of oxidations under base free conditions (conversions up to  
100%). The authors attributed these results to the electron dona- 
tion  and  confinement  effects  offered  by  MOFs  [65-67].  Other  
systems including Au nanoparticles supported in ZIF-8 and UiO- 
66 and Pt nanoparticles supported in MOF-177 also showed very 

good catalytic activity for the conversion of alcohols to aldehydes 

[44,68,69]. 
Beyond alcohols, the oxidation of hydrocarbons has also been  

catalyzed using MOF supported nanoparticles. Hydrocarbons have 

been  selectively  oxidized,  with  molecular  oxygen  as  the  oxi- 
dant, by Au, Au/Pd, Fe3O4  or Pt/Pd nanoparticles immobilized  
in several MOFs (MIL-101 (Cr), MIL-53 (Cr), HKUST-1 and ZIF- 
8)  [70-73].  For  example,  Huang  et  al.  studied  the  activity  of 

ZIF-8 supported bimetallic Pt/Pd nanoparticles for the photoacti- 
vated oxidation-degradation of ethylene to CO2 and H2O [73]. This 

nanocomposite showed excellent synergistic photocatalytic activ- 
ity (conversion = 94%), which was to the authors contend due to the 

fact that ZIF-8, in addition to serving as a support to prevent par- 
ticle aggregation, has an excellent capacity to adsorb ethylene and 

thus promote its photodegradation to CO2 and H2O. 
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3.3.  Hydrogen generation 
 

One of the biggest challenges in chemistry today is the energy  
efficient  generation  of  H2.  With  this  goal  in  mind,  Xu  and  
co-workers evaluated the activity of Au, Ni and hybrid Au/Ni  
nanoparticles in MIL-101 and of Ni nanoparticles in ZIF-8 for the  
catalytic dehydrogenation of ammonia borane to generate H2. In  
this case complete dehydrogenation was observed [74,75]. Other  
reactions for hydrogen production have also been evaluated. Singh  
and Xu successfully studied the generation of H2  by decomposi- 
tion of hydrazine in aqueous solution using ZIF-8 supported Ni-Pt  
bimetallic nanoparticles [76]. In addition, the same group and Mar- 
tis et al. proved that it was possible to catalyze the dehydrogenation  
of  formic  acid  using  bare  and  amine-functionalized  MIL-101- 
ethylenediamine supported Au-Pd bimetallic nanoparticles [77]  
and  amine-functionalized  MIL-125  supported  Pd  nanoparticles  
[78]. Recently, water splitting to produce H2  using Pt nanopar- 
ticles embedded into MIL-101-NH2  (Cr) was also evaluated. A  
maximum turnover of 110 molH2 mol−1 

cat  w
asachievedwhenthe  

loading of Pt nanoparticles was 0.5% [79]. Finally, the photocat- 
alytic properties of Pt@MOFs were also tested for H2 production.  
Here,  Lin’s  group  first  studied  the  photocatalytic  performance  
of Pt nanoparticles embedded into two UiO frameworks func- 
tionalized with [Ir(ppy)2(bpy)]+ (where ppy is 2-phenyl-pyridine  
and bpy is 2,2′-bipyridine) complexes, and found that high Ir- 
based turnover numbers [defined as n(1/2H2)/n(Ir))] of 3400 and  
7000 were achieved when irradiated under visible light (>420 nm).  
Under these conditions, the [Ir(ppy)2(bpy••−)] radicals generated  
by triethylamine-mediated photoreduction could transfer elec- 
trons to Pt nanoparticles to reduce protons for H2 production [80].  
Also, Matsuoka’s group found that Pt nanoparticles photodeposized  
on amino-functionalized MIL-125(Ti) were able to photocatalyze  
the generation of H2, reaching a total production of 33 mol H2  
when this system was immersed in an aqueous solution contain- 
ing triethanolamine at room temperature while being subjected  
to visible-light (>420 nm) for 9 h. In this case, the reaction pro- 
ceeded through the light absorption by the organic linker forming  
the MOF followed by the electron transfer to the photocatalytically  
active titanium-oxo cluster. In this system, Pt nanoparticles acted  
as cocatalysts [81]. 
 
3.4.  Hydrogenation of olefines 
 

A fourth vast family of catalytic reactions studied using MOF  
supported metal nanoparticles as catalysts is the hydrogenation  
of alkenes [82,83], alkynes [82,84], ketones [85,86], and aromat- 
ics [43,82,87]; all of which are key processes in chemical industry.  
As can be seen in Table 1, the most active metal nanoparticles for  
these reactions are Pt and Pd, and the most promising MOF support  
is MIL-101 most probably due to its stability and large pore chan- 
nels. Using this combination, excellent conversion rates (∼100%) for  
the hydrogenation of ketones, aromatic molecules, alkenes, alkynes  
and nitro compounds have been observed [82,85-92]. 
 
3.5.  Carbon-carbon coupling 
 

Finally, the last ensemble of reactions that have been cat- 
alyzed by MOF supported NPs concern the C-C coupling reactions.  
Such transformations include Suzuki-Myaura [93-96], Sonogashira  
[96,97], Ulmann [93], and Heck [98] reactions. Compared to other  
metal nanoparticles, Pd offers undoubtedly the best conversion  
rates in C-C coupling and thus Pd@MOF composites are primarily  
tested for these types of catalytic reactions. An illustrative exam- 
ple was reported by Yuan et al., who developed a very efficient  
Pd@MIL-101(Cr) catalyst for water mediated Suzuki-Miyaura and  
Ullmann coupling reactions. This catalyst showed high stability, 

Fig. 8. Schematic illustration of Nanoparticles@MOFs for sensing different analytes 

(left side) entering in the frameworks. The analyte, as a host, interacts with the com- 
posite that could amplify the Raman signal (SERS), affect the luminescent properties, 

induce changes in the electrical or optical (refractive index) properties. 
 

low metal leaching and high activities (conversion = 100%) over a 

large number of cycles [93]. 
 

4.  NP@MOFs for sensing 
 

A wide range of applications, including chemical threat detec- 
tion, medical diagnostics, food/drink quality control, explosives  
and  pollutants  detection,  requires  sensors  that  detect  specific  
molecules  or  elements  with  high  selectivity,  sensitivity,  and  
speed of analysis [124-126]. Typical transduction mechanisms are  
changes in the electrical, photophysical or mechanical properties  
of the sensor material when it interacts with the analyte (sensing,  
Fig. 8). Metal nanoparticles have been widely investigated as sen- 
sor components because their physical properties (mainly optical,  
electrochemical or photoelectrochemical) are readily modulated  
upon interaction with molecules [127,128]. Recently, MOFs have  
been proposed as a novel class of support for chemical probes, as  
pre-concentrators, and as molecular filters and templates. In this  
respect, MOFs act in an analogous way to other porous materials,  
such as mesoporous silica or zeolites. However, MOFs offer greater  
possibilities for tailoring the pore size and chemistry in order to  
enhance the adsorption of targeted molecules or elements [129]. 

 
4.1.  Size-selective sensors 

 
One  of  the  most  promising  strategies  for  designing  highly  

selective/sensitive sensors is to synthesize metal/metaloxide MOF  
composites in order to combine their complementary properties  
[130]. To date, most of these sensors are constructed by embedding  
metal nanoparticles in the MOF crystals. Thus, the working mecha- 
nism relies on the target molecule diffusing to the embedded metal  
nanoparticles, through the MOF pores, where interaction causes a  
detectable change in physical properties. According to this mecha- 
nism, the properties of the MOFs are expected to play a major role  
on the final performance of the sensor. For example, the uniform  
pore size and resulting size-selectivity of MOFs enabled the devel- 
opment of sensors in which the MOFs act as size-exclusion filters  
[131]. A pioneering example of this type of sensors was recently  
reported by Sugikawa et al. [10], who synthesized a MOF-5 sup- 
ported Au nanorod sensor that showed Surface-Enhanced Raman  
Scattering (SERS) behavior when contacted with certain pyridine  
derivatives (Fig. 9a). SERS is a powerful vibrational spectroscopy  
technique that allows the detection of sub-attomolar quantities  
of analyte due to the million-fold Raman scattering enhancement 



 
 
 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 9. (a) Schematic illustration of SERS sensing activity of MOF-5 supported Au nanorods. Reproduced from [10]. (b) Schematic diagram of ZIF-8 supported ZnO nanorods  
PEC sensors with selectivity to H2 O2 . (c) Photocurrent response of this sensor in the presence of H2 O2 (0.1 mM) and ascorbic acid (0.1 mM). Reproduced from [137]. 
 
 
occurring when the analytes are adsorbed on metal nanoparti- 
cles (e.g. plasmonic Au nanorods) [132-134]. Interestingly, Sada’s  
group showed that the SERS signal enhancement occurred only  
for certain types of pyridine derivatives, such as pyridine and 2,6- 
biphenylpyridine, but not for poly(4-vinylpyridine). This selectivity  
was attributed to the fact that small molecules such as pyridine  
and 2,6-biphenylpyridine can diffuse into the pores of MOF-5 and  
reach the embedded Au nanorods. On the contrary, bulky poly(4- 
vinylpyridine) molecules cannot diffuse into MOF-5 and cannot  
interact with Au nanorods. Very recently, a similar strategy was  
used to follow the metalation of a porphyrin-based MOF [135]. In  
this study, SERS-active Ag nanoparticles were wrapped with crys- 
tals of this MOF. 

Other  size-selective  sensors  composed  of  MOFs  and  metal  
nanoparticles have been reported. These system were used to  
monitor electrochemical changes of Pt nanoparticles [136], photo- 
electrochemical changes of ZnO nanorods [137] and luminescence  
changes of CdSe quantum dots. Xu et al. showed the possibility to  
selectively detect H2O2  using UiO-66 supported Pt nanoparticles  
[136]. One of the main concerns for a H2O2 electrochemical sensor  
is the presence of other physiological species such as ascorbic acid,  
uric acid and some carbohydrate compounds, which can be also oxi- 
dized along with H2O2 molecules on the electrode surface and cause  
interference. This issue was solved by embedding the Pt nanoparti- 
cles into UiO-66, which acts as a size-exclusion filter allowing only  
H2O2 molecules to diffuse in, while excluding the bulkier interfer- 
ing ascorbic acid, uric acid, and carbohydrate compounds. Selective  
photoelectrical detection of H2O2 was demonstrated using a similar  
approach, by coating ZnO nanorods with ZIF-8 (Fig. 9b) [137]. Here,  
the ZIF-8 network also acts as a size-exclusion filter preventing  
the diffusion of ascorbic acid molecules while allowing diffusion of  
the smaller H2O2 molecules to the ZnO nanorods. Illuminating the  
sample with 380 nm light engendered a photocurrent response that  
arises from the oxidation of H2O2 by photogenerated holes on the  
surface of ZnO nanorods (Fig. 9c). Finally, Falcaro and co-workers 

 
 

demonstrated the size selective detection of ethanethiol compared to 

a larger linear copolymer n-isopropyl acrylamide/acrylic acid/t- 
butyl acrylamide mercaptane, by following the quenching effect of 

luminescent CdSe quantum dots embedded into MOF-5 [9,138]. The 

same group grew MOF-5 around Co NPs and subsequent infil- 
tration with a dye enabled the fabrication of a repositionable sensor 

for the detection of aromatic amines [139]. 
 

4.2.  Gas selective-sensors 
 

In addition to size selective sensors, the potential of MOFs to  
tune the chemical functionality of their pores for the selective  
adsorption of certain species also paves new ways to create chem- 
ically selective sensors when combined with responsive metal  
nanoparticles. For example, it is well-known that MOF-5 is selec- 
tive  towards  CO2  in  a  gas  mixture  because  the  polarizability  
and quadrupole moment of CO2  leads to electrostatic attraction  
between CO2  molecules and the aromatic rings of MOF-5 [140].  
Using this property, Tang’s group synthesized a Au@MOF-5 SERS  
sensor able to selectively detect CO2 in the presence of various gases  
[141]. 

 

4.3.  Ion-selective sensors 
 

Recent advances have led to selective sensors based on other 

mechanisms; e.g., taking advantage of the low chemical stability of 

some MOFs. Using this approach, Zhao et al. developed a sensor 

selective for phosphate ions by embedding ZnO quantum dots into 

MOF-5 [142]. The working mechanism of this sensor was simple: 

MOF-5 degrades in the presence of phosphate ions, thus liberating the 

ZnO nanoparticles, that recover their original fluorescence that was 

quenched when embedded. The authors showed the selectivity of this 

sensor for phosphates by exposing it to various other anions, resulting 

in a much lower fluorescence signal. 



 
 
 
 

  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 10. MOF-based photonic crystals for label-free optical sensing. (a) Photograph of a series of ZIF-8 films of various thicknesses grown on silicon substrates. Reproduced  
from [143]. (b) SEM images of the MOF-silica photonic crystals prepared by step-by-step deposition of HKUST-1. Inset: high magnification. (c) Left: Near-IR extinction spectra  
of the MOF-silica photonic crystal (MOF-SCC) and the bare silica colloidal (SCC) crystal film before and after exposure to 10 000 ppm CS 2 . Right: Response of MOF-silica  
photonic crystal to a series of CS2 vapors of various concentrations versus time. Reproduced from [146]. (d) Left: Schematic representation of a Bragg stack. Right: SEM images  
of a Bragg stack prepared by alternatingly spin-coating nanoparticulate suspensions of ZIF-8 and TiO2 , resulting in a layer thickness of approx. 200 nm and 50 nm for ZIF-8  
and TiO2 , respectively. Reproduced from [152]. (e) Photographs of step-by-step HKUST-1/ITO hybrid materials with different thickness. The stripes are caused by the light  
source. Reproduced from [156]. (f) Left: Optical image of a MOF-5/silica composite sphere with a diameter of 200 m. Right: Corresponding SEM image showing the uniform  
silica spheres with interstitial MOF-5. Scale bar: 300 nm. Reproduced from [157]. (g) Transmission optical microscopy image of a metallic silver dot pattern depos ited inside 
a single MOF-5 crystal. Scale bar: Scale bar: 25 m. Reproduced from [148].  
 

4.4.  Photonic crystal sensors 
 

Color change is another attractive sensing mechanism, as it  
can be readily detected, in some cases even with the naked eye.  
Solvatochromism/vapochromism and luminescence color or inten- 
sity shifts have been reported for MOFs upon guest accomodation  
[129]. However, such behavior is based on specific responsive ele- 
ments in the lattice that might not be compatible with fine-tuning  
the adsorption properties to detect different analytes. Therefore, a  
more flexible approach would require fine-tuning the MOF adsorp- 
tion behavior without having to take the preservation of color  
change capabilities into account. In this context, Lu et al. demon- 
strated sensing based on the color change of the light reflecting off  
of a thin ZIF-8 film on a flat surface (Fig. 10a) [143]. The underlying  
principle is Fabry-Pérot interference, which occurs when incident  
light undergoes multiple reflections off of two parallel surfaces  
separated by a distance on the order of the wavelength of light.  
The wavelengths at which constructive interference occurs, which  
determines the color of the reflected light, depends on the refrac- 
tive index of the film. Since the refractive index of a microporous  
material increases when guests are accommodated in the pores,  
the concentration of propane in N2 correlates with the interference  
peak shifts. 

The performance of interference-based sensors can be improved  
by alternating high- and low-refractive index materials. Label-free  
optical sensors of this type are referred to as ‘photonic crys- 
tals’ [144]. Metal and metal oxide nanoparticles composite can  
be used as effective materials for sensing applications due to 

 
 

the difference between the refractive index of the MOF and the  
encapsulated inorganic nanoparticles. Lu et al. first illustrated this  
depositing a conformal HKUST-1 coating on an array of uniform  
carboxylic acid terminated silica spheres, using a step-by-step pro- 
tocol (Fig. 10b) [145,146]. When exposed to carbon disulphide (CS2)  
vapors, the wavelength of the light reflecting off of the photonic  
crystal shifted gradually with increasing CS2 concentrations while  
a bare silica colloidal crystal did not generate a response (Fig. 10c).  
Similar three-dimensional photonic crystals can also be fabricated  
using regular assemblies of uniform polymer beads instead of sil- 
ica spheres [147]. Infiltration of such polymer colloidal crystal  
templates with MOF precursor solutions [148] and subsequent dis- 
solution of the polymer template results in photonic crystals where  
the alteration of high- and low-refractive index components is  
ensured by the continuous MOF structure and regularly spaced air  
gaps therein, respectively [149,150]. Similar behavior is observed in  
stacked layers of well-formed and uniform MOF crystallites [151]. 

Another approach for the fabrication of photonic MOF-based  
sensors, requires alternating layers of high- and low-refractive  
index  materials  stacked  on  top  of  each  other,  to  yield  one- 
dimensional photonic crystals or Bragg stacks. Although these  
are not discrete nanoparticles imbedded within MOF crystals, but  
rather superstructures that requires both nanoparticle and MOF  
components localized in different layers, we will briefly discuss  
such composites to highlight this emerging application. The Bragg  
stack reflectivity can be enhanced by increasing the number of lay- 
ers, or by the judicious choice of materials to increase the refractive  
index contrast. Hinterholzinger et al. demonstrated Bragg stacks 



 
 
 

 

based on ZIF-8 and high-refractive index TiO2  [152]. Two fabri- 
cation methods were employed: (1) alternating spin-coating of  
nanoparticulate suspensions of both materials and (2) alternating  
ZIF-8 growth and spin-coating of TiO2  particles. While the for- 
mer technique yields a high degree of textural mesoporosity in  
both layer types, in addition to the ZIF-8 microporosity, the latter  
method results in Bragg stacks featuring continuous ZIF-8 layers  
(Fig. 10d). Alcohols too large to efficiently enter the ZIF-8 pores  
triggered small and large responses in the sensors obtained with  
method 1 and 2, respectively. These tests indicate that to enable  
molecular sieving in a photonic crystal, continuous MOF films are  
perferred. Nevertheless, the particle spin-coating method remains  
popular, mainly because of its simplicity and general applicability  
[153,154]. For instance, Hu et al. demonstrated how Bragg stacks of  
the flexible MIL-88B-NH2 and TiO2 can be used for the determina- 
tion of the EtOH content of aqueous solutions of the alcohol [153].  
Ranft et al. showed how the response from three spin-coated MOF- 
TiO2 Bragg stacks with different adsorption preferences could be  
combined to generate a unique signature for each analyte and thus  
enhance specificity in comparison to that of the individual sensors 
[154]. 

The deposition of both the MOF layer and high-refractive index  
component as continuous films provides the highest reflectivity  
MOF-based Bragg stacks. Thus far only two cases of monolithic  
MOF-based Bragg stacks have been demonstrated. Lu et al. showed  
how metal sputtering in combination with the ZIF-8 film growth  
method led to one-dimensional photonic crystals [146,155]. The  
Bragg stack with the highest reflectivity reported to date (ca. 80%)  
was created by Liu et al. by alternating the sputtering of indium tin  
oxide (ITO) and the deposition of HKUST-1 layers via the step-by- 
step protocol (Fig. 10e) [156]. 

One potential issue with the practical implementation of pho- 
tonic crystals is the angle-dependency of the observed color [155].  
Cui et al. proposed an interesting approach to fabricate color shift  
sensors exhibiting full angle independence that work similarly  
to the three-dimensional photonic crystals discussed above [157]  
(Fig. 10f). 

Another exciting development is the demonstration by Ameloot  
et al. of depositing metallic microstructures within single crystals  
of a photoactive MOF material in a programmed fashion [148].  
This method enables the fabrication of three-dimensional metal  
dot arrays arranged in an arbitrary pattern within a MOF crystal  
(Fig. 10g), thus resulting in a regular arrangement of high- and  
low-refractive index materials. Since the generation of such arrays  
is fully computer-controlled, fine-tuning the optical response for  
photonic sensing applications should be straightforward. 
 

5.  NP@MOFs for sequestration and separation 
 

The high and tunable porosity of MOFs eases the penetration, 

accumulation, and separation of various species not only from  
gas but also from liquid phase. Nanoparticles embedded inside  
MOF structures can impart additional functionalities. For example, 

enabling the recollection using a magnetic field of the MOF used as 

a sorbent for pollutants, using the photocatalytic properties for their 

degradation, or acting a support that facilitate the separation of 

organic compounds (Fig. 11). 
 

5.1.  Sequestration of pollutants 
 

MOFs have shown great potential for the removal of carcino- 
genic polycyclic aromatic hydrocarbons (PAHs), heavy metals, pes- 
ticides, dyes, radionucludes and other toxic chemicals [158-164].  
Introducing  additional  functionality  via  magnetic  nanoparti- 
cles  can  be  achieved  by  synthesizing  magnetic  framework 

Fig. 11. Schematic illustration of metal/metaloxide nanoparticles@MOF for pollu- 
tant sequestrations and degradation, and separation. 

 
 

composites (MFCs) [165]. There are two main advantages pro- 
vided by the magnetic particles. Firstly, they facilitate positioning  
the porous material using an external magnetic force. This can  
have application to simple magnetic recovery in a batch reactor to  
more precise localization in microfluidic devices. Secondly, mag- 
netic nanoparticles afford a magneto-thermal effect when exposed  
to an alternate magnetic field which can be exploited to release  
guests from the pores of the MFCs [166]. We note that the surface  
area of the MFCs are lower compared to the parent MOF due to the  
gravimetric contribution of the particles that, under optimized con- 
ditions, lies in the range of 3-5 wt% (e.g. 4% using Co nanoparticles  
[139]). 

The use of MFCs for the sequestration of polycyclic aromatic  
hydrocarbons (PAHs) has been reported by Doherty et al. [167] and  
Huo and Yan [168] in 2012. Yan demonstrated that silica coated  
magnetic iron oxide and MIL-101(Cr) could be mixed and used for  
the efficient recovery (81-96%) of six different PAHs from water,  
while Doherty et al. showed that cobalt and nickel ferrites super- 
paramagnetic nanofibers directly embedded into MOF-5 crystals  
afforded a 1.3 mmol g−1 uptake of benz[a]anthracene (Fig. 12a). In  
2013, the group of Maspoch [169] synthesized iron oxide embed- 
ded  in  the  copper  based  MOF  HKUST-1  using  a  spray-drying  
method. The resulting spherical magnetic framework composite  
was used for capturing dibenzothiophene (DBT) from iso-octane  
with a remarkable extraction capacity of 200 g kg−1  (Fig. 12b).  
Chen and co-workers [72] investigated using core-shell magnetic  
spheres, made with a magnetic iron oxide core and a MIL-100(Fe)  
MOF shell, towards the sequestration of polychlorinated biphenyls  
(PCBs) from water. This MOF composite yielded excellent recovery  
(above 81%) of the PCB, and it was also being able to reach a very  
low limit of detection (down to 1.07 ng L−1), suitable for harvesting  
trace amounts of pollutant. 

A second important application in environmental remediation is  
related to inorganic pollutants, such as heavy metals [170,171]. This  
is due to the environmental and health issues connected with the  
contamination from, particularly Pb, Hg, Ni, Cr, and Cd. Addition- 
ally, the efficient sequestration of certain rare heavy metals such as  
Ag, Au, Pd, and Pt is of interest because of their high economic value.  
Examples of MFCs exploited for the collection of dangerous heavy  
metals have been reported by Sohrabi et al. [172], Wang et al. [173],  
and Taghizadeh et al. [174]. All these studies used modified silica- 
coated, iron oxide nanoparticles embedded into HKUST-1. Sohrabi 



 
 

 

 

In 2013, Shen et al. [114] proposed a pioneering study that  
described  the  simultaneous  uptake  and  degradation  of  toxic  
species, such as hexavalent chromium and model dyes, using  
Pd@NH2-UiO66. In this composite, small Pd nanoparticles (3-6 nm)  
were homogeneously generated within the pores of a preformed  
amino functionalized UiO-66 MOF. Under a 420 nm visible light  
irradiation, this system was able to photo-catalytically reduce the  
carcinogenic Cr(VI) to Cr(III) within 90 min at a pH range of 1-5,  
demonstrating superior performance when compared with bare  
NH2-UiO66 and N-doped titania. More interestingly, the same sys- 
tem was investigated toward the complete degradation of methyl  
orange (MO) and methylene blue (MB). Here, the measured con- 
version was modest when using either the dye (5% for MO and  
38% for MB) or the Cr(VI) alone. However, this conversion drasti- 
cally enhanced when the dye was added to the reaction system:  
Cr(VI) reduction increased from initial 70% to 79% in presence of  
MO, and from 70% to nearly 100% in presence of MB, demonstrating  
a beneficial synergistic effect. 

Among the different active materials with degradation capabili- 
ties, titania particles are extensively used as efficient photocatalytic  
nanomaterials, especially for self-cleaning surfaces [177,178]. For  
such purpose, Hu and co-workers [179] studied the TiO2@MIL- 
101(Cr) composite, which was prepared by post-infiltration of  
different amounts of tert-butyl titanate into the MOF cavities. The  
resulting titania was then converted to the more photocatalyti- 
caly active anatase phase by thermal treatment. The composite  
demonstrated higher adsorption of formaldehyde than the titania  
alone due to the high surface area of MIL-101(Cr). Additionally, the  
titania was able to degrade the pollutant using a 100 W lamp at  
365 nm. The composite with 14.5 wt% TiO2 was found to be the most 

Fig. 12. (a) Change in molar percentage of benz[a]anthracene during time due to 

the uptake performed by CoFe2 O4 @MOF-5 composite (in the inset). Reproduced 

from [167]; (b) Time dependence of the dibenzothiophene capture by Iron oxide 

nanoparticle@HKUST-1 superstructure (in the inset) obtained by spray-drying. 

Reproduced from [169]. 
 
 
explored the optimization of Cd(II) and Pb(II) ions uptake using  
pyridine grafted on the surface of the magnetic particles. Excellent  
extraction values of ca.190 mg g−1 were reported. Wang et al. chose  
post-functionalization of magnetite@HKUST-1 with dithizone as a  
strategy for the sequestration of Pb(II) obtaining a modest uptakes  
of 1.67 mg g−1. Based on a very similar system to Sohrabi [172],  
Taghizadeh studied the uptake of Cd(II), Pb(II), Ni(II), and Zn(II),  
reported sequestration values between 98 (Ni) and 206 (Zn) mg g−1.  
The capture of high value heavy metals by MFCs has been can- 
vassed in the work of Falcaro et al. [175] and Bagheri et al. [176].  
In the first case, a composite based on a MOF made of two linkers  
(terephthalic acid and 2-aminoterephthalic acid) and Co nanoparti- 
cles was used to selectively harvest Ag(I) ions from a microchannel,  
in which the MFCs were moved from a dodecanol filled zone to a  
silver enriched methanol one. It was posited that sequestration of  
Ag(I) ions was due to the presence of the amino groups in the MOF  
pores. Finally, the nanocomposite was moved to a third channel  
filled with dodecanol for recovery. In the work of Bagheri et al.  
[176], the aforementioned pyridine functionalized iron oxide mag- 
netic particles embedded into HKUST-1 were used to collect Pd  
from water with a maximum absorption capacity of 105 mg g−1. 
 

5.2.  Uptake and degradation 
 

A different strategy in environmental remediation is the con- 
comitant removal and degradation of pollutants, particularly with  
respect to noxious organic agents. In this case, the high uptake  
capacity afforded by the MOF and the potential of the embedded  
nanoparticles to decompose pollutant molecules are utilised. 

efficient with ca. 80% of product destroyed within 200 min. Further- 
more, the same material was successfully used for the degradation of 

o-xylene with analogous results. 
A recent example of one-pot uptake and degradation carried  

out by a NP@MOF composite was reported by Cai’s group [180]. In  
this work, Fe-doped MOF-5 was prepared around pre-synthesized 
60 nm Co3O4 nanoparticles, using Fe(acac)3 as the source of iron  
(Fig. 13a) [181]. The high porosity and open pore network of the  
MOF structure enables fast molecule diffusion, thus rapidly con- 
centrating the pollutant species (in this case, 4-chlorophenol) and  
exposing it to the catalytic nanoparticles for its degradation. In  
this case, the degradation was mediated by potassium peroxy- 
monosulfate (Oxone), which was diffused into the MOF pores. The  
as-prepared yolk-shell catalyst was highly active with a removal  
efficiency of 4-chlorophenol over 99% within 150 min even after  
four successive cycles (Fig. 13b). 

 
5.3.  Stationary phases for separations 

 
Due to their crystalline structure and high porosity, MOFs have  

recently emerged as candidates for analytical and chromatographic  
separations [182]. Separation by adsorption is more energy effi- 
cient than distillation, but to date limited examples with acceptable  
selectivity have been reported [183]. Silica is the most common sta- 
tionary phase used in normal phase chromatography and therefore,  
a natural step forward is to combine silica and MOFs to achieve  
better performances. Bradshaw’s group [8] introduced a sphere- 
on-sphere (SOS) technique to immobilize small engineered 200 nm  
silica nanospheres on 5.5 m silica microspheres. The SOS sys- 
tem with carboxylic groups acted as scaffold for the subsequent  
growth of HKUST-1 crystals, and the obtained SOS-COOH@HKUST- 
1 composite (Fig. 14a and b) was packed in a high-performance  
liquid chromatography (HPLC) column. The results indicated that  
the composite was able to separate a mixture of toluene, ethylben- 
zene and styrene using heptanes/dichloromethane 95:5, whereas  
the neat SOS-COOH showed no separation properties (Fig. 14c and 



 
 
 

 

the release of guests can be triggered by an external stimulus  
(Fig. 15), further opportunities would arise in more complex sys- 
tems in cell biology or biomedicine. MOF composites seem to be  
an effective platform for controlled drug release. Three strategies  
for triggered release of molecules have been explored using MOF  
composites: (1) Introduction of photo-switchable molecules into  
the pore networks that gives rise to guest release upon irradia- 
tion [191,192]; (2) Immobilization of target molecules into pore  
surfaces via photo-labile moieties that undergo controlled photol- 
ysis and release of the entrapped molecules [193,194]. We noted  
that both of these strategies require the specific chemical modifi- 
cations to the pores’ surface; and (3) Exploitation of metal/metal  
oxide nanoparticles@MOFs nanoparticles where external stimuli,  
such as a magnetic field or light, causes release of molecules by  
localized heating. The advantage of this approach relies on the wide  
variety of frameworks of different pore size and chemistry that can  
be used to prepare these metal/metal oxide nanoparticles@MOF  
composites. 

Incorporating magnetic metal nanoparticles into MOFs is an  
example  of  a  metal/metal  oxide  nanoparticles@MOF  compos- 
ite designed for controlled molecular release [165]. In addition  
to providing a mechanism for localised heating, the magnetic  
nanoparticle facilitates spatial control of the composite via the  
external magnetic field. To this end, Qiu and co-workers have  
reported the synthesis of Fe3O4@HKUST-1 nanocomposites loaded  
with nimesulide (NIM), a potential anticancer drug for pancre- 
atic cancer treatment (Fig. 16a and b) [195]. This MOF composite  
maintained its magnetic characteristics at 300 K, thus demonstrat- 
ing its potential for use in biological systems. Furthermore, these  
nanoscomposites could be positioned using a magnet in aqueous  
solution as shown in Fig. 16c. The spontaneous release of NIM over 
11 days was examined in physiological saline (aqueous NaCl solu- 
tion) at 37◦C (Fig. 16d); however, controlled release of the drug via  
an alternating magnetic field was not demonstrated. We note that  
HKUST-1 is known to be water sensitive [196], hence the sponta- 
neous release of NIM may be attributed to the decomposition of 

Fig. 13. (a) TEM image of yolk-shell Co3O4@Fe-MOF-5. The insets are closer obser- 
vations of the composite; (b) Removal of 4-chlorophenol within 2.5 h for bare NPs  
activated with Oxone (1), yolk-shell composite activated with Oxone (2), composite  
alone (3), hollow MOF with Oxone (4), solid core-shell composite with Oxone (5),  
and Oxone only. 
Reproduced from ref. [180]. 
 
d). Moreover, the same composite was used, after dichloromethane  
or toluene pre-conditioning for 24 h, to successfully separate xylene  
isomers using heptane as the mobile phase. Silvestre et al. [184]  
used layer-by-layer epitaxy to grow HKUST-1 on magnetic silica  
nanocubes, producing a magnetic framework composite with high  
surface area (1150 m2 g−1) after 200 coating cycles. The obtained  
material was used for HPLC chromatography, showing an appre- 
ciable, although incomplete separation of toluene and pyridine. In  
both cases, the presence of MOFs was found important to enhance,  
and in some case achieve optimal separation performance. 
 
6.  NP@MOFs for controlled release 
 

Molecular delivery is an application of current interest in MOF  
chemistry [185,186]. In contrast to gas storage and separation,  
where the focus is to optimise the attractive forces between the  
framework and guest, the possibility to control the molecular deliv- 
ery of guests represents an additional challenge. The majority of  
studies in this area describe the spontaneous release of molecules  
from the pores [187-190]. This process is driven by the molecular  
diffusion where, ultimately, the concentration of guest molecules  
in the pores and external environment reaches equilibrium. This  
strategy is most suitable for long-term drug release. However, if 

HKUST-1. 
A similar study was also reported by Li and co-workers using 

-Fe2O3@MIL-53(Al). In this case, the measured residual mag- 
netization  of  -Fe2O3@MIL-53(Al)  indicated  that  the  -Fe2O3  
nanoparticles were superparamagnetic [197]. Here the sponta- 
neous release of ibuprofen as a model drug over 7 days was  
reported. However, the stability of this composite in physiologi- 
cal saline solution was not assessed. Given the higher stability of  
MIL-53(Al) in water [198] than in phosphate buffer saline, it can  
be expected that the spontaneous release of the drug was regu- 
lated by pore diffusion. Kaskel and co-workers further exploited  
the properties of magnetic nanoparticles into MOFs by triggering  
the release of molecules via induced magnetic heating (Fig. 17) 
[166]. In this experiment,  -Fe2O3@HKUST-1 was suspended in  
ethanol and, under a magnetic field strength of 1.7 kA m−1  at a  
frequency of 183 kHz, a temperature increase from 23◦C to 40◦C  
was measured in less than 10 minutes. A specific absorption rate  
(SAR) for ibuprofen was determined to be 11.1 W g−1. Because 

-Fe2O3@HKUST-1 showed temperature dependent release kinet- 
ics of ibuprofen (passing from 4.4 × 10−6 mmol s−1  at 20◦C to 
6.6 × 10−6 mmol s−1  at 40◦C), the high SAR value will effectively 

contribute to the release of drugs induced by an external magnetic 

field. Accordingly, real-time monitoring of drug release under an 

external magnetic field should be investigated to fully evaluate the 

potential of this system. 
Gold nanorods (GNRs) are known to generate heat by absorp- 

tion of near infrared light, the so-called photothermal conversion  
effect [199]. Furukawa and co-workers demonstrated the synthesis  
of core-shell type mesoscopic composites of GNR@[Al(OH)(1,4- 
ndc)]n  from GNR@alumina via coordination replication (Fig. 18) 



 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 14. (a) SEM of SOS-COOH@HKUST-1 particles; (b) back-pressure vs flow rate measured for columns packed with SOS-COOH particles (empty circles) and SOS- 
COOH@HKUST-1 particles (black squares) using heptanes as mobile phase; (b) chromatogram showing that column packed with SOS -COOH particles was not able to 

separate a mixture of ethylbenzene and styrene; (c) chromatogram obtained using column packed SOS -COOH@HKUST-1 particle in heptane/DCM 95:5 as mobile phase, for the 

separation of toluene (1), ethylbenzene (2), and styrene (3). 
Reproduced from ref. [8]. 
 

[13]. In this case, anthracene was selected as the model guest  
specie as it can be easily monitored by fluorescence spectroscopy.  
Interestingly, spontaneous release (i.e. leakage) of anthracene from  
the pores was not observed in cyclohexane. However, molecular  
release was confirmed under near infrared light (750 nm) irradia- 
tion. Most of molecules (ca. 70%) were released from the pores of  
[Al(OH)(1,4-ndc)]n in 2 h. This work represents the highest level of  
control achieved for the triggered release of molecules from metal  
nanoparticles@MOFs. 

As shown here, the hybridization of MOFs with metal nanopar- 
ticles is a promising strategy for inducing molecular release via a 

 

non-destructive external stimulus (magnetic field, near IR light).  
However, there are still very few examples of metal nanoparti- 
cles @MOFs for delivery applications and further proof-of-concept  
model systems will be essential to a comprehensive understanding  
of their chemistry and potential for real biological application. The  
key elements that need to be addressed are the following: (1) care- 
ful experimental design that directly monitors molecular release  
under external stimuli; (2) development of physiologically stable  
non-toxic MOFs; and (3) understanding the host-guest interactions  
between the MOFs and selected drugs, so that controlled release can  
be realised without drug leakage. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 15. Schematic illustration of controlled molecular release from metal/metal oxide nanoparticles@MOF. Thanks to the capability of magnetic iron oxide nanoparticles or gold 

nanorods, which convert magnetic field or near IR into heat, respectively, the release of trapped molecules can be initiated by physical stimuli. 



 
 
 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 16. (a) SEM and (b) TEM images of Fe3 O4 @HKUST-1 composites. (c) NIM loaded Fe3 O4 @HKUST-1 composites attracted by a magnet. (d) Spontaneous release of NIM from 

Fe3 O4 @HKUST-1 in physiological saline solution at 37◦ C. 
Reproduced from ref. [195]. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 18. (a and b) TEM image of GNR@[Al(OH)(1,4-ndc)]n composites. (c) Evaluation  
of anthracene release from GNR@[Al(OH)(1,4-ndc)]n composites. The graph shows  
liner plots for fluorescence intensity maxima of the released anthracene versus time 

Fig. 17. (a) SEM image of g-Fe2 O3 @HKUST-1 composites. (b) Fe3O4@HKUST-1  
composites attracted by a magnet. (c) Magnetic heating curve of 324 mg of g- 
Fe2 O3 @HKUST-1 composites in 30 mL of ethanol at 183 kHz and a field strength  
of 1.7 kA m−1 . The arrows indicate the initial release rates for ibuprofen at 20 and  
40◦ C, respectively. 
Reproduced from ref. [166]. 
 

7.  Future outlook 
 

In this review we have shown how nanocomposites obtained  
by the judicious combination of metal/metal oxide nanoparticles  
with MOFs can be used as advanced materials for wide variety of 

with (red) and without (black) light irradiation at 750 nm. 

Reproduced from ref. [13]. 
 

applications including gas adsorption, separation, catalysts, molec- 
ular sieve and repositionable sensors, environmental remediation, 

and drug-delivery. Importantly, these nanocomposites are now  
being explored for more sophisticated and emerging technologies 

such as microfluidics where the nanocomposites can be used as 

micro-carriers [175], photocatalysts for H2  production [200], or 

biomedical applications where ‘up-conversion’ properties can facil- 
itate photoregulated drug release [201]. 



 
 
 

 

Despite the amount of studies proposed in the literature, we  
posit that we are at the early stage of this emerging research  
field. We base this notion on the following: (1) the potential for  
integrating sophisticated inorganic nano-systems with a variety  
of properties including plasmonic, electro- and thermo-chromic,  
up- and down-conversion properties into the composites; (2) the  
ever and increasing number of MOFs possessing customized chem- 
ical functionalities and tailored pore size and arrangement; (3)  
the rapid progress in the preparation methods for nanoparticles  
and MOFs that will further facilitate their integration; and (4)  
the potential to engineer multicomponent nanocomposite sys- 
tems that can incorporate multiple nanoparticles within different  
MOFs systems. Finally, in order to fully realize the potential of  
this area, a fundamental understanding of the mechanisms that  
imbue the composites with their unique properties (e.g. spill over  
effect, heat transfer mechanisms, and energy gap modulation) must  
be pursued. This will help to build a solid platform towards the  
engineering of these exciting and novel materials for practical  
applications. 
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