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1. INTRODUCTION

The field of metal�organic frameworks (MOFs), which are
often also called porous coordination polymers (PCPs), has
been growing tremendously over the last 15 years. This field has
been particularly advanced by Yaghi and co-workers, who
coined the acronym “MOF” in 1999 and chose the “yellow
sphere” in their artwork to conceptually visualize the volume of
free pore in their structure.1 This fascinating class of crystalline
hybrid materials, which are formed by association of metal
centers or clusters and organic linker(s), offers a unique
chemical versatility combined with a designable framework
and an unprecedentedly large and permanent inner porosity.
As such, MOFs constitute their own family of porous materials
that exceed the limitations of previously known porous materi-
als (zeolites, mesoporous silica, activated carbon).2

At first, most efforts were directed toward the synthesis of new
frameworks that featured new topologies and open structures
with the largest possible surface areas. The goal was to find
materials with exceptionally high gas storage capacities, especially
for storing hydrogen. More recently, responsive frameworks (in
the sense that structures and properties can be controlled by an
external parameter (e.g., a guest molecule or physical stimulus))
have been synthesized. Metal�organic frameworks have raised
researchers’ hopes because of their versatility and extended
chemical functionalization relative to zeolites. During the past
few years, some of these hopes have started to come to fruition
around the concepts of isoreticular frameworks,3 postsynthesis
functionalization,4 protection/deprotection,5 solid�solution or
multivariate structures (copolymer),6 and hybrid crystal hetero-
structure approaches.7,8 It is now possible to tune the organic
linker as well as incorporate reactive groups within a MOF. In
addition, the possibility of intentionally creating defects, opening
metal sites, and engineering crystal surfaces and internal inter-
faces has emerged. While efforts continue on the synthesis side,
screenings for industrial applications and MOF material proces-
sing are also increasingly developing fields. In particular, the
processing of MOFs as films is a domain that has only recently
been initiated but which is important for many applications, such
as chemical sensors9 and membranes.10 Inspiration for the
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Table 1. Collection of MOFs Filmsa

MOF formula substrate method characteristics, size or thickness application ref

[Cu3(btc)2] (HKUST-1) alumina, silica

wafers

mother solution

at 120 �C
∼ 1 μm 18

α-alumina seeded growth ∼10 μm 19

SAM on gold mother solution

at 25 �C
preferred orientation,

∼600 nm

sensing 20,21

copper mesh mother solution

at 120 �C
∼60 μm gas separation 22

copper electrodes electrochemically 2�20 μm sensing 23

copper foil galvanic displacement crystallites

100�200 nm

24

SAM on gold liquid phase expitaxy highly oriented,

30�60 nm

mechanistic studies,

diffusion coefficient

25�27

microcantilever stepwise deposition ∼100 nm sensing 28

Ag nanoparticles stepwise deposition sensing 29

SAM on gold gel layer highly oriented 30

α-alumina seeded growth ∼25 μm gas separation 31

pulp fibers mother solution at 85 �C 32

glass slides deposition of crystals highly oriented crystals,

∼1 μm

33

SAMs on gold deposition of crystals highly oriented crystals,

0.5�1.5 μm

34

copper slice mother solution

at 25 �C
∼5 μm 35

copper slice mother solution

at 120 �C
∼1 μm humidity sensor 36

textile (polyester) stepwise dosing

of reactants

∼100 nm 37

porous alumina seeded growth ∼25 μm gas separation 38

polymer, oxide,

polymer�oxide beads

mother solution

at 120 or 25 �C
crystallites ∼1�5 μm

or ∼150 nm

39

porous polymer

monoliths

mother solution

at 130 �C
crystallites 0.2�10 μm 40

SAMs on gold mother solution

(precipitating solvent)

highly oriented ∼90 nm 41

[Zn4O(bdc)] (MOF-5) oxides wafers, SAM on gold mother solution

at 25 �C
∼500 nm 42,43

graphite/AAO mother solution

in MW

preferred orientation,

∼5 μm

44

graphite/AAO seeded growth preferred orientation,

∼30 μm

gas separation 45

α-alumina mother solution

(solvothermal)

25 or 85 μm gas separation 46

chromatography column stepwise deposition ∼1 μm separation 47

alumina wafer photoresist

on silicon

seeded growth crystallites 20�100 μm 48

ZIF-8 silica wafers dip coating in

mother solution

1�5 μm sensing 49

silica wafers dip coating from

colloidal solution

40�500 nm sensing 50

porous titania mother solution

in MW

20�30 nm gas separation 51,52

α-alumina seeded growth preferred orientation,

5�12 μm

gas separation 53

tubular α-alumina seeded growth ∼5 or 9 μm gas separation 54
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Table 1. Continued
MOF formula substrate method characteristics, size or thickness application ref

α-alumina mother solution

at 120 �C
∼20 μm gas separation 55

flexible nylon

membrane

slow diffusion

(contra diffusion)

∼16 μm gas separation 56

ZIF-7 porous alumina seeding, then mother

solution in MW

preferred orientation

∼1.5 μm

gas separation 57�59

α-alumina mother solution

at 120 �C
∼1 μm gas separation 55

ZIF-22 porous titania mother solution

at 150 �C
∼40 μm gas separation 60

ZIF-69 α-alumina mother solution

(solvothermal)

preferred orientation,

∼50 μm

gas separation 61

ZIF-90 α-alumina mother solution

at 100 �C
∼20 μm gas separation 62,63

[Cu2(pzdc)2(pyz)] silica wafers dip coating in

mother solution

preferred orientation,

∼3 μm

64

SIM-1 α- and γ-alumina

beads

mother solution

at 85 �C
∼15 μm

(α-Al2O3 only)

heterogeneous

catalysis

65

tubular α-alumina mother solution

at 85 �C
∼25 μm gas separation 66

NAFS-1 silicon wafers Langmuir�Blodgett

technique

highly oriented,

21 nm

67

NAFS-2 gold, silicon Langmuir�Blodgett

technique

highly oriented,

∼40 nm

68

[Zn(bdc)(4,40-bipy)0.5]
(MOF-508)

SAM on gold liquid phase expitaxy highly oriented,

∼40 nm

69

[Cu2(ndc)2(dabco)] oxides wafers stepwise dosing of

reactants

preferred orientation,

∼120 nm

70

porous alumina stepwise dosing of

reactants

∼30 μm gas separation 71

[M(L)(dabco)0,5], M = Cu, Zn;

L = ndc, F4bdc

SAM on gold liquid phase expitaxy highly oriented,

20�50 nm

72�74

CPO-27-M, M = Ni, Co,

Mg, Mn, Zn

alumina wafers mother solution

at 110 �C
2�20 μm 75

MIL-47 polyacrylonitrile mother solution

in MW

several micrometers 76

IRMOF-3/MOF-5 glass slides mother solution

at 105 �C
∼10 μm 77

porous alumina mother solution

at 105 �C
∼10 μm separation 77,78

[Mn(HCOO)2] α-alumina, graphite mother solution

at 115 �C
preferred orientation,

∼300 μm

79

[Al(bdc)] MIL-53 porous alumina seeding, then mother

solution at 220 �C
∼8 μm liquids separation

(pevaporation)

80

MIL-96 porous alumina seeded growth ∼10 μm liquids separation

(pevaporation)

80

[Al4(OH)2(OCH3)4
(H2N-bdc)3] 3 xH2O (CAU-1)

SAM on gold mother solution

at 25 �C
highly oriented,

∼150 nm

sensing 81

[Zn2(bdc)2(dabco)] oxide wafers mother solution

at 120 �C
∼1 μm 18

[Cu(hfipbb)

(H2hfipbb)0,5]

porous alumina seeded growth preferred orientation,

∼20 μm

gas separation 82

In(OH)(bdc) silicon wafer stainless steel

plate aluminum slice α-alumina

seeded growth ∼5 μm 83
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fabrication of MOF thin films often comes from two closely
related fields: zeolite films, particularly the direct synthesis and
seeded-growth methods, and coordination polymer films in the
context of Langmuir�Blodgett and layer-by-layer thin-film pre-
paration techniques. These two areas concern well-known
materials and thin-film preparation techniques that are now
being translated to MOFs and on which reference literature is
abundant.11,12 Consequently, in this review, we will consider only
films made of metal�organic frameworks (MOFs). We define
MOFs as hybrid organic�inorganic solid materials made of
metal centers or clusters linked together by organic moieties.
MOFs feature permanent inner porosities, the reversible adsorp-
tion/desorption of guest molecules, and an extended 3D frame-
work with a crystalline structure that can be assessed primarily by
X-ray diffraction. Thus, coordination polymer-type films con-
sisting of organic�inorganic hybrid materials that are porous
but lack long-range order (e.g., films made of Hofmann
clathrates) are beyond the scope of this review. Similarly,
ordered films of hybrid but essentially nonporous materials
will not be reviewed here. Metal cyanide materials, such as
Prussian blue analogs, will not be considered here because the
possibility of linker functionalization or isoreticular expansion
does not exist at all or is quite limited in contrast to typical
MOFs, which allow introduction of functional groups at the
organic linkers; more information on Prussian blue analogs can
be found elsewhere.13,14 Also, we rule out all 2D and 1D
coordination polymer-type thin films without 3D translational
order. In addition, films fabricated from powder MOF material
and deposited by, for example, dropping or screen-printing
approaches are not considered here because such coatings are
not regarded not as “thin” films (e50 μm).

A typical approach to the preparation of a MOF thin film
entails first choosing an existingMOF of interest (e.g., by the size
of its pores) and finding a method to process it as a film on top of
a given substrate. The film-processing method may be more or
less specific to the concerned MOF, which results in a large
number of methods that lack generic applicability. In addition,
the field is immature and rapidly developing, and a substantial
number of important contributions have been published during
the last 2 years that were not included in our first review on this
subject.15 Also, the two other most recent reviews on MOF thin
films16 and surface chemistry of MOFs17 have focused on

particular aspects of the general topic. (It was pointed out by
one referee of this manuscript that ref 16 also discusses the state
of the art of the synthesis and applications of MOF thin films up
to the year 2010. We would like to make clear that in ref 16 the
emphasis is not on thin-film fabrication but rather on discussion
of the perspectives of both existing and future applications. In
the present review the synthesis methods and thin-film char-
acterization are systematically and comprehensively discussed,
along with selected examples of existing applications only.) The
aim of this new and updated review is to offer a systematic and
comprehensive treatment of MOF thin films and bring some
additional clarity to the reader by rationalizing the existing
collection of processing methods from various perspectives.
Table 1 gathers all examples of MOF thin-film work that
correspond to the previously mentioned definition and were
available to the authors at the date this manuscript was finalized
(July 2011). The listing is organized by the chosen MOF, the
type of substrate on which the MOF was deposited or grown,
the method for thin-film fabrication, and the intended applica-
tion of the film, if any. Unless otherwise stated in the char-
acteristics column, the films are polycrystalline and randomly
oriented. In addition, an indication of the thickness of the film
or size of the crystals is provided. The various methods of the
crystals’ growth or deposition, combined with a description of
the two different classes of MOF thin films, will be discussed in
section 2.

In this review,MOF thin films will be examined with respect to
three main themes. Fabrication methods are important and will
be described in the first section. Characterization, which ranges
from compositional and structural identification to lateral homo-
geneity and porosity, is an important issue that will be discussed
together with various strategies aimed at improving the quality
and applicability of films. Finally, potential applications of MOF
films in several fields will be reviewed.

Two classes of MOF films will be distinguished. Polycrystal-
line films can be seen as an assembly of more or less randomly
oriented MOF crystals or particles that rest on a surface. The
crystals can be either well intergrown to completely cover the
surface or scattered (presence of holes). In some cases, inter-
actions with the surface favor attachment of crystals in one
particular direction with respect to the substrate and each other,
which gives rise to preferentially oriented films. The thickness

Table 1. Continued
MOF formula substrate method characteristics, size or thickness application ref

Fe-MIL-88B SAM on gold mother solution

at 25 �C
highly oriented,

∼500 nm

sensing 84,85

Fe-MIL-88B-NH2 SAM on gold slow diffusion

(gel layer)

preferred orientation,

∼40 nm

30

MIL-89 silica wafers dip coating from

colloidal solution

40�80 nm sensing 86

MIL-101(Cr) silica wafers dip coating from

colloidal solution

20�100 nm sensing 87

α-alumina, cordierite

monoliths

seeded growth ∼10 μm heterogeneous

catalysis

88

[Zn3(btc)2] zinc slide mother solution at 140 �C ∼20 μm sensing 89
a bdc = 1,4-benzene dicarboxylate; ndc = 1,4-naphthalene dicarboxylate; btc = benzene-1,3,5-tricarboxylate; H2hfipbb = 4,40-(hexafluoroisopropylidene)-
bis(benzoic acid); dabco = 1,4-diazabicyclo(2.2.2)octane; pyz = pyrazine; F4bdc = tetrafluoro-1,4-benzene dicarboxylate; pzdc = pyrazine-2,3-dicarboxylate;
4,40-bipy = 4,40-bipyridine.
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of such films is related to the size of the MOF particles or
crystallites and often lies in the micrometer range. The proper-
ties of such films, even if sometimes difficult to evaluate, are
expected to be similar to the properties of the bulk powder
material. Five main synthesis concepts to derive suchMOF thin
films can be distinguished and will be discussed in detail. A
second, special class of MOF thin films is emerging, which we
will call SURMOFs. These films consist of ultrathin (in the
nanometer range) MOF multilayers that are perfectly oriented
(at least in the direction of the growth). They are very smooth,
with roughness on the order of a few elementary cells, and are
often quasi-epitaxially grown on the substrate so that the
thickness of the film and the crystallite domain size are
interrelated and (ideally) can be precisely controlled. The ideal
SURMOF would be also characterized by large in-plane single-
crystal domains.

The properties of SURMOFs may diverge from their thicker,
polycrystalline congeners because of the close proximity of the
surface and the slight thickness of the films. Characterization of
SURMOFs is even more difficult than that of MOFs and will be
discussed separately. Indeed, in some cases, the obtained
SURMOF structure simply does not exist as bulk MOF powder
or as a single-crystalline material but is accessible only as a thin
film bound to an appropriate substrate. SURMOFs also offer
the possibility to transfer concepts known from (hard) inor-
ganic condensed-matter single-crystal chemistry and physics to
(soft) hybrid inorganic�organic materials, which, most impor-
tantly, includes fabrication of heterostructures (MOF onMOF,
epitaxially grown) and chemical or structural modifications
that are specific for the exposed external surface (top layer)
of the films.

2. FABRICATION OF MOF FILMS

Synthesis methods for both SURMOFs and polycrystalline
MOF films will be discussed in this section. The requirements for
the two classes of films are completely different: providing a true
control of the thickness of a SURMOF is much more difficult.
Many different methods have been developed to achieve poly-
crystalline films, but we can group them into five categories,
which will be discussed here.

2.1. SURMOFs
To the best of our knowledge, two different methods have

been developed to attach a controlled number of unit cells of
MOF at a surface, thereby leading to a precise monitoring of the
thickness: the liquid-phase epitaxy method and the Langmuir�
Blodgett method.
2.1.1. Liquid-Phase Epitaxy. Liquid-phase epitaxy (LPE)

relies on the stepwise, layer-by-layer adsorption of components
from the liquid phase to a surface. LPE was originally designed
for polyelectrolytes held together by ionic interactions.90 The
substrate is alternatively immersed in a positively charged
polymer solution and then in a negatively charged solution.
The method was soon extended to coordination polymers and
metal complexes, for example, with the work of Bell et al.91 on
the Hofmann clathrate [Ni(bipy)(Pt(CN4))]. However, the
deposition conditions are rather difficult to meet: the tempera-
ture was approximately �60 �C, and each deposition step
required 6�8 h. The film deposition of the spin-crossover
microporous coordination polymer [Fe(pz)(Pt(CN)4)] was
similarly performed by Cobo et al.,92,93 but no evidence for a

crystalline structure based on X-ray diffraction (XRD) was
provided.
Fischer, W€oll, and co-workers25 demonstrated in 2007 that the

LPEmethod can also be used to growMOF films on a surface. The
first example was the growth of HKUST-1 ([Cu3(btc)2]). Deposi-
tion was performed on functionalized substrates (ideally, self-
assembled monolayers (SAMs) on gold) at room temperature or
at amaximum40 �C, and each deposition cycle required 0.5�1.5 h.
SAMs were used because of their long-range 2D order, various
accessible functionalities, and easy patterning by microcontact
printing methods. The organic (e.g., H3btc) and inorganic
precursors (e.g., Cu(OAC)2) were placed in ethanolic solutions
in separate beakers, and the substrate was sequentially immersed
in the two solutions (see Figure 1). Intermediary washing steps
with solvent were performed to remove excess adsorbedmaterial.
Deposition can be carried out manually or automatically in the
cell of certain instruments suited for in-situ monitoring of the
growth process, such as surface plasmon resonance (SPR) or
quartz crystal microbalance (QCM) measurements. Injection
systems on these instruments ensure a continuous flow over the
substrate and high reproducibility; meanwhile, each adsorption
and desorption (washing) step can be directly observed. Under
optimized conditions, the results show a linear growth mode and
the number of cycles (and of deposited unit cells) corresponds to
the final thickness of the film perpendicular to the substrate
surface.94 The obtained films can be crystalline and highly
oriented; the final orientation is mostly controlled by the
underlying SAM, which demonstrates the importance of its
functionality.26 In the case of HKUST-1, the film exhibits [100]
orientation when the SAM is terminated by COOH groups and
[111] orientation when the SAM ends with OH groups. Most
remarkably, the choice of the metal component for the growth of
HKUST-1 SURMOF by LPE was crucial. When copper(II)
nitrate was used as the metal precursor, almost no growth was
observed irrespective of the orientation. However, if dimeric
copper(II) acetate was employed, the molecular paddle-wheel-
type structure which is similar to the metal nodes of the HKUST-1,
the growth occurred smoothly. This observation points to the
relevance of the so-called “controlled SBU (secondary building
unit) approach” (CSA) for SURMOFs.26,95

Besides the two-component HKUST-1, three-component
[M2(L)2(P)]-type MOF structures (M = Cu, Zn; L = ndc, bdc,
or derivatives; P = dabco or 4,40-bipy) have also been deposited
by LPE. Similar to the case of HKUST-1, the metal unit is a
paddle-wheel binuclear complex but two different linkers
instead of one are present. The dicarboxylic linker L binds to

Figure 1. Step-by-step approach for the growth of SURMOFs on a
SAM-functionalized substrate. The approach involves repeated cycles of
immersion in solutions of the metal precursor and solutions of an
organic ligand. Between steps, the material is rinsed with solvent.
Reprinted with permission from ref 26. Copyright 2009 Wiley-VCH.



1060 dx.doi.org/10.1021/cr200167v |Chem. Rev. 2012, 112, 1055–1083

Chemical Reviews REVIEW

the metal complexes to form 2D sheets that are pillared
together by the nitrogen-containing linker P. Highly crystalline
and smooth SURMOFs are also obtained with this MOF type
when CSA is used.72 Surprisingly, both the underlying SAM
and the deposition procedure influence the final orientation.
When pyridine-terminated SAMs are used, the two linkers can
be mixed, and this solution can be used for growth in a two-step
deposition (metal f mixture of ligands) to yield [001]-oriented
films. When COOH-terminated SAMs are used, a three-step
deposition procedure (metal f dicarboxylic linker f pillar) is
necessary to obtain [100]-oriented SURMOFs. This observa-
tion may be related to currently unknown effects at the early
growth cycles.
2.1.2. Langmuir�Blodgett Layer-by-Layer Deposition.

The second method has been developed by H. Kitagawa,
R. Makiura, and co-workers.67 It relies on MOF layers made in
a Langmuir�Blodgett (LB) apparatus that are transferred one
after another onto a silicon substrate with intermediate rinsing
steps. The layers stack by weak interactions, such as π stacking
between pendant groups in a manner similar to interdigitated
MOFs.96 The particular MOFs, called NAFS-167 and NAFS-2,68

were achieved using this method; fabrication of NAFS-1 is
illustrated in Figure 2. NAFS-1 is made of cobalt-containing
porphyrine units (CoTCCP) linked together by binuclear cop-
per paddle-wheel units to form a 2D array. Pyridine molecules
bind the axial position of the copper ions perpendicularly to the
2D layers and ensure correctπ stacking. The individual sheets are

remarkably ordered, with an average tilt angle of 0.3� parallel to
the substrate, and the overall thickness of the film corresponds to
deposition of one single layer at each cycle. NAFS-2 exhibits a
similar structure, the main difference being the absence of the
pyridine ligand in the axial position and the porphyrine cage
being empty. As a result, the stacking is less efficient with an
average tilt angle of 3� between the layers.
The two previously described methods demonstrate proof

of principle that it is possible to fabricate ultrathin MOF films,
or SURMOFs, in a controlled manner. Such films are interest-
ing both on a fundamental level and on the applications level.
However, it is demanding to characterize these films from
several points of view: structure identification, porosity, thick-
ness, and lateral homogeneity. A detailed discussion of these
issues is presented in section 3.2. It should be noted, however,
that the presented examples of SURMOFs fabrication are
the only ones known to date. The use of thiol-based SAMs
(on gold substrates) for LPE and the water/ambient air inter-
face in the case of the LB technique limits the choices of MOFs
in SURMOF growth. Fast kinetics and favorable coordination
equilibria are required in these cases. In contrast, many
interesting bulk MOFs are synthesized under harsh solvother-
mal conditions using special solvents, templates, and reactant
concentrations, along with pH adjustments and temperatures
up to 200 �C. These conditions are not applicable in standard
LPE or LB techniques. Thus, for many MOFs, it is seemingly
impossible to derive their respective SURMOFs.

Figure 2. Schematic illustration of the fabricationmethod of NAFS-1. The solutionmixture of CoTCPP (1) and pyridine (2)molecular building units is
spread onto an aqueous solution of CuCl2 3 2H2O (3) in a Langmuir trough. Pressing the surface with barrier walls leads to formation of a copper-
mediated CoTCPP 2D array (CoTCPP�py�Cu) (Langmuir�Blodgett method). The 2D arrays are deposited onto the substrate by the horizontal
dippingmethod at room temperature. The substrate is then immersed in the pure solvent to remove excess startingmaterials or physisorbed components
and subsequently dried. The repetitive process of successive sheet deposition and rinsing/solvent immersion leads to the sequential layer-by-layer
growth of NAFS-1 with any desired thickness. Reprinted with permission from ref 67. Copyright 2010 Macmillan Publishers Ltd.: Nature Materials.
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2.2. Polycrystalline Films
2.2.1. Direct Synthesis. Under the name “direct synthesis,”

we grouped the methods where a substrate is used bare (or
modified by organic molecules, i.e., SAMs) together with an
appropriate growth solution. Growth takes place at the surface
and sometimes also in solution at the same time. This growth
leads to formation of crystals attached to the substrate surface in a
more or less intergrown and continuous fashion.
2.2.1.1. In-Situ Crystallization. The most straightforward

method of preparing a MOF thin film is to prepare a mother
solution for a given MOF following the published recipe, insert
into the solution one or several substrate(s) (lying face down or
vertical is better to avoid sedimentation), and then heating the
whole as required for the usual solvothermal synthesis. Despite
its apparent simplicity, this method can be quite powerful,
especially for oxide wafers,18,75,77 metal slices,22,36,89 textiles or
fibers,32,76 and even porous alumina65,66,79 in some cases. Dense,
crystalline, and homogeneous films of micrometer thickness have
been obtained by this method.
Zacher et al.18 studied the morphology of MOF films as

a function of the substrate used and showed that the nature of the
surface, and especially its acid/base properties, influences whether
or not a film can grow. The authors suggested that binding
between the surface and the film is mediated by the organic
linker, and therefore, an acid-containing MOF (HKUST-1)
cannot grow on an acidic surface such as silica. However, a
MOF that contains both acidic and basic linkers such as
[Zn2(bdc)2(dabco)] can grow on both silica and alumina.
Arnold et al.79 reached similar conclusions by studying
[Mn(HCOO)2] on alumina and graphite.
Because the linker seems to play a key role, modification of the

substrate with an organic molecule has been proposed to increase
heterogeneous nucleation and growth. McCarty et al.55 modified
porous alumina substrates with organic linkers. These research-
ers dropped linker solutions onto the substrates heated at 200 �C
and showed by X-ray photoelectron spectroscopy (XPS) that
some linker molecules were covalently bound to Al3+ ions. The
modified substrates were subsequently inserted into the corre-
sponding ZIF mother solutions and solvothermally treated to

yield continuous, well-intergrown films. Huang et al.60 treated a
porous titania support with 3-aminopropyltriethoxysilane
(APTES). This molecule is able to bind to the surface by the
silane group and thought to act as a covalent linker for binding of
ZIF-22 crystals. As a result, the thick (40 μm) and well-
intergrown membrane obtained using this linker was of much
higher quality than the one obtained without the linker. The
same phenomenon has been observed for ZIF-90.62 In this case,
the amino end groups of APTES are thought to react with the
aldehyde groups of the linker.
A particularly favorable case is encountered when the sub-

strate is made of the same metal as the MOF to be grown. The
substrate’s surface is slightly oxidized during synthesis (addition
of an oxidant in the reactive mixture may help35), which
provides metal cations at or near the surface. This phenomenon
that favors the anchoring of crystallites is called “twin metal
source”22 and has been demonstrated in the case of copper- and
zinc-based MOFs. A good example is the study by Guo et al.,
who used a copper net as the substrate.22 The copper net (400
mesh) was first oxidized at 100 �C; the color changed from
yellow to green, which indicated the presence of copper oxide.
The modified copper net was placed in an autoclave filled with
HKUST-1 mother solution and stored at 120 �C for 3 days. A
defect-free, homogeneous film with a thickness of approxi-
mately 60 μm was obtained (see Figure 3).
Most MOF syntheses take place in conventional ovens.

However, microwave-heating approaches have recently been
developed for bulk materials and are now being extended to
films.97 The main advantage of this method over conventional
heating is the enhancement of the homogeneous reaction and
an increased nucleation rate. Indeed, a few hours is typically
sufficient to achieve full crystallization. As relevant examples of
MOF films, Bux et al.51 used this method to prepare the first
membrane that exhibits molecular-sieving properties (a 40 μm
thick ZIF-8 film on a porous titania support), and Centrone
et al.76 described functionalization of polyacrilonitrile by MIL-
47 as a function of irradiation time. Yoo et al.44 introduced a
slightly different concept: microwave-induced thermal deposi-
tion. The substrates (typically porous alumina) were coated
with a conducting layer, such as graphite or gold, and immersed

Figure 3. Optic micrographs of the (a) copper net and (b) net-
supported Cu3(BTC)2 membrane; SEM images of (c) the surface and
(d) a cross section of the membrane. Reprinted with permission from ref
22. Copyright 2009 American Chemical Society.

Figure 4. Scanning electron micrographs of Fe-MIL88B crystals sitting
on substrates after immersion times of (a,b) 24 h and (c) 3 days.
(d) Bundle of removed crystals after 9 days. Reprinted with permission
from ref 85. Copyright 2008 Wiley-VCH.
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in a MOF-5 precursor solution. Upon microwave irradiation
(5�30 s), the temperature of the conductive layer increased
rapidly and induced fast heterogeneous nucleation of MOF-5
crystals. Interestingly, nucleation did not occur in solution but
only at or in the immediate vicinity of the surface, which gave
rise to a dense MOF layer. The mechanical resistance of the
coating was evaluated by 1 h of ultrasonic treatment, where we
saw that approximately 80% of the MOF crystals are too
strongly bonded to be removed by this method.
2.2.1.2. Growth at Room Temperature. The major problem

of the in-situ growth described in the previous section arises from
the high temperature used (generally above 100 �C). Indeed,
many substrates are temperature sensitive, including self-as-
sembled monolayers (SAMs) on gold, patterned substrates, and
integrated devices (e.g., microcantilevers). To address this issue,
several groups have separated the nucleation from the crystallite
growth. Hermes et al.42 first introduced this concept in 2005 with
MOF-5 as the study case. The authors prepared amother solution
forMOF-5 following published procedures and heated it at 75 �C
for 3 days and then briefly at 105 �C to initiate crystallization; they
then cooled the solution to 25 �C. The slightly turbid solutionwas
filtrated before being placed into contact with SAM-modified gold
substrates. After 24 h, a 5 μm thick film made of MOF-5
crystallites was observed to selectively form on COOH-termi-
nated SAM. The authors suggested that Zn complexes, such as
SBU (secondary building units) and/or MOF-5 nuclei, can
selectively bind to COOH groups at the surface.
Bein and co-workers extended this approach to several other

MOF structures: HKUST-1,20 Fe-MIL-88B,85 and CAU-1.81

They obtained oriented films made of scattered crystals at-
tached in the same direction to the surface. The researchers
showed that the functionality of the underlying SAM can direct
the orientation of the growth by selectively binding the growth
species,20 and in some cases, the SAM even favors growth of a
particular MOF phase.85 A detailed discussion on control of the
orientation is presented in section 3.2.3. The example of Fe-
MIL-88B is particularly relevant for demonstrating the impor-
tance of the substrate in the fabrications of a film.85 The authors
prepared a Fe-MIL-53 synthesis solution, heated it for 2 days at
150 �C, filtered it, and stored it at 150 �C for 5 days. Afterward, a

COOH-terminated SAM-functionalized gold slide was im-
mersed in the cold solution for several days. The crystals sitting
at the surface were Fe-MIL-88B, whereas Fe-MIL-53 particles
formed in solution. The orientation of the crystals on the
surface indicated that the 6-fold axis of the MIL-88B crystals
was aligned with the apparent hexagonal symmetry of the SAM
and that the surface carboxylate groups indeed coordinate to
MIL-88B iron atoms. The authors interpreted their results as a
symmetry transfer: the SAM exhibits much greater affinity for
hexagonal MIL-88B than for monoclinic MIL-53. The mor-
phology of such films is shown in Figure 4 .
The main drawbacks of this method are in the lengthy and

sometimes complicated preparation procedure (typically a few
days with several heating steps) and the poor morphology of the
obtained films. Indeed, the films are often noncontinuous, and
the crystals are not really intergrown (Figure 4).
Zhuang et al.41 recently reported a method for drastically

reducing the crystallization time at surfaces. They chose
HKUST-1 as case study and prepared a “clear” mother solution
in DMSO. A “clear” precursor solution is stable at room
temperature, but the MOF is able to crystallize upon evaporation
of the solvent.33 The authors showed that diffusion of vapors of a
precipitating solvent (methanol or ethanol) was also able to
induce MOF crystallization within a few minutes. Therefore, the
precursor solution was applied onto SAM-modified substrates by
spin coating, and after exposure to vapors for 20 min, crystals
oriented in the [111] direction were found irrespective of the
underlying SAM. Interestingly, methanol vapors led to formation
of much larger crystals (0.5�1.8 μm) than did ethanol vapors
(200�800 nm). This difference was attributed to faster precipi-
tation induced by ethanol compared to methanol. However,
because of the small amount of crystals formed on the surface, up
to 10 spin coating�exposure to vapors�washing cycles are
required to produce dense films. In addition, careful control
over the chemistry of MOF nucleation and growth is required.
2.2.1.3. Dip Coating inMother Solution. In some cases,MOFs

crystallize quickly from their mother solution; in fact, they may
crystallize as soon as the linker andmetal salt are mixed together at
room temperature. Kubo et al.64 took advantage of this fact and
grew a film of [Cu2(pzdc)2(pyz)] by repeated immersion of a
substrate into freshly prepared mother solutions. Bare gold, bare
silicon, or SAM-modified gold substrates were all completely
coveredwith densely packed films. The first immersion step allows
attachment of some seeds to the surface, whereas the following
steps enable both attachment of other seeds and growth of those
already present. One immersion step lasted 2 h. Because
[Cu2(pzdc)2(pyz)] tends to form plate-like crystals and thereby
expose the (010) facet, the resulting films show a preferred
orientation along the b axis. Notably similar results were obtained
when ZIF-8 was used instead of [Cu2(pzdc)2(pyz)].

49 No pre-
ferred orientation was found, but growth was much more regular
(about 100 nm per cycle), and a continuous film was formed from
the first layer (see Figure 5).

Figure 5. Cross-sectional SEM images of ZIF-8 films grown on silicon
substrates with cycles of (A) 1, (B) 10, and (C) 40; (D) thickness of ZIF-
8 film versus number of growth cycles. Reprinted with permission from
ref 49. Copyright 2010 American Chemical Society.

Figure 6. Principle of the gel-layer growth method.
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2.2.1.4. Slow Diffusion of Reactants. As a consequence of the
fast MOF nucleation rate, crystals are preferentially formed in
homogeneous solution rather than at the liquid/solid interface of
the substrate. To overcome this drawback, Bein and co-workers30

introduced amethod forMOF thin-film growth that is often used
in bulk synthesis to obtain single crystals instead of microcrystal-
line materials: slow diffusion of reactants in a gel.98 A poly-
(ethyleneoxide) (PEO) gel layer was loaded with the MOF
metal-ion precursor and deposited onto a SAM-modified gold-
coated substrate. The gel layer was then covered with a linker
solution, which allowed the linker to slowly diffuse into the gel,
and MOF nucleation was successfully directed at the interface
provided by the substrate (see Figure 6).
Because of this method, a high local concentration of metal

ions is achieved near the surface, which leads to a high hetero-
geneous nucleation rate of theMOF and therefore to film growth
within a few days. Parameters such as the chain length of the PEO
and the concentration of metal ions in the gel can be varied to
control themorphology and thickness of the final film. In the case
of HKUST-1, a perfect orientation along [111] is observed,
which is independent of the functionality of the underlying SAM
(COOH or OH). These results are different from growth in a
mother solution at room temperature (section 2.2.1.2) where
COOH and OH SAM functionalities lead to different orienta-
tions. In the case of the flexible Fe-MIL-88B_NH2, a highly
oriented film along [001] was obtained only on COOH-SAM.
When the substrate is a (macroporous) membrane, it is also

possible to use it as a permeable separator between the metal
salt and the linker solutions. Similar to the fabrication mechan-
ism of single crystals by slow diffusion, metal and linker ions are
able to cross the membrane and crystallize at the interface (see
Figure 7). This principle was recently applied for fabrication of
ZIF-8 films on flexible porous nylon membranes.56 ZIF-8
crystalline layers were observed on both sides of the substrate
with the layer at the zinc side being thicker. After 72 h, a
continuous film of approximately 18 μm in thickness was
formed on the zinc�nitrate side, whereas small scattered
nanoparticles were formed on the linker side. Interestingly,
the morphology and thickness of the film can be controlled by
varying the concentration of the solutions, synthesis time, and
number of repetitions. The gas separation permeances of the
membranes were also tested. Surprisingly, the best results
showed higher permeances but lower H2/N2 selectivities
(4.3) compared to ZIF-8 membranes made by direct synthesis
under solvothermal conditions (11.6).51 The membrane ob-
tained by slow diffusion may, therefore, be of lower quality.
2.2.1.5. Controlled Deposition of Crystals at a Surface. An

original method of preparing MOF crystallites at surfaces was

proposed by Ameloot et al.33 This method relies on the mixing of
precursors in an appropriate solvent to form “clear solutions”, i.e.,
solutions from which noMOF precipitates at room temperature.
However, the MOF is obtained when the solvent is evaporated
from those solutions. PDMS stamps were inked with such a
solution of HKUST-1 precursors and applied onto a surface.
Upon being heated at 100 �C, the solvent slowly evaporates and
the MOF crystallizes. The authors observed that the crystallites
show a preferred orientation along the [111] axis independent of
the nature of the substrate. This result shows that confinement
rather than substrate functionalization is able to orient the
growth. The typical crystallite size is 1�2 μm.
In a related study, Carbonell et al.34 produced arrays of

HKUST-1 single crystals. In their approach, the substrates were
homogeneously covered with various SAMs. Droplets of clear
mother solution (3�5 μm large) were subsequently deposited
onto the surface by a pen-like surface-patterning tool, which was
automatically controlled. The solvent was evaporated under
ambient conditions, which led to formation of HKUST-1
crystals. In the case of hydrophilic SAMs (COOH and OH
terminated), the droplets spread completely, whereas on

Figure 8. SEM images of the HKUST-1 arrays fabricated on (a, b)
NH2-, (c, d) CH3-, and (e, f) CF3-terminated SAMs on gold substrates.
Scale bars represent (a, c, e) 40, (b, d, f) 10, and (insets) 2 μm. Reprinted
with permission from ref 34. Copyright 2011 American Chemical
Society.

Figure 7. (a) Diffusion cell for ZIF-8 film preparation, and (b) schematic
of the formation of ZIF-8 films on both sides of the nylon support via
contradiffusion of Zn2+ and Hmim through the pores of the nylon
support. Reproduced with permission ref 56. Copyright 2011 The Royal
Society of Chemistry.
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hydrophobic CH3- and CF3-terminated SAMs, the droplets were
confined and single crystals approximately 1 μm in size formed
(see Figure 8). Here again, the crystals were oriented in the [111]
direction. Interestingly, the size of the final crystals can be easily
controlled by the volume of the droplet, which in turn is
controlled by the plasma treatment of the patterning tool.
2.2.2. SeededGrowth. Seeded growth, also called secondary

growth, is a common method, particularly in zeolite film
fabrication.11,12 Because the heterogeneous nucleation density
of many MOFs is low on porous ceramic supports, the method
has become more popular for MOF thin-film fabrication. The
method requires two steps: preparation and deposition of seeds
followed by growth into a film. Various kinds of seeds may be
used and will be described below. The secondary growth step is
often performed under solvothermal conditions.
2.2.2.1. MOF Nanocrystals.The most commonly used seeds

are nanocrystals (size 20�100 nm) of the desired MOF. After
their synthesis and characterization, they are deposited onto the
substrate, typically by dropping or spin coating. The availability
of such MOF nanocrystals is sometimes a difficult issue,
although more synthesis protocols are being published,99 and
such concepts as “coordination modulators”100 have appeared
to help control the size and shape of MOF nanocrystals. Larger
crystals, typically in the micrometer range, are not suitable.19 In
a typical seeded growth experiment, such as the one carried out
by Zou et al.,83 colloidal seeds of In(OH)(bdc) were first
synthesized and isolated. They were then redispersed in

methanol to produce a white colloidal solution that was
dropped onto various substrates, including a silicon wafer and a
porous α-alumina disk. After drying, the substrates were placed
vertically in autoclaves filled with the mother solution and
solvothermally treated for 3 days. The obtained layers were
approximately 5 μm thick and made of compact packings of
hexagonal-disk-shaped crystals. Sometimes, as in the case for
MOF-5, the seeds are not really stable in the solution used for
secondary growth and either dissolve or dissociate from the
substrate. If dissolution occurs, the acidic properties of the
linker are often responsible, and addition of a base, such as
N-ethyldiisopropylamine, may be necessary to produce a film
after the secondary growth step.45

A problem often encountered is the lack of adhesion between
the seeds and the substrate. Ranjan et al.82 first deposited a
polyethyleneimine (PEI) layer on the surface and manually
deposited seeds of [Cu(hfipbb)(H2hfipbb)0,5] on the PEI layer.
An enhanced attachment of seeds via H bonding was expected.
After solvothermal treatment, a crack-free layer of approximately
20 μm thick was observed on the surface. In spite of randomly
oriented seeds, the final layer shows preferred orientation in the b
direction, which corresponds to pores that are perpendicular to
the substrate. Li et al.57,58 obtained similar results with ZIF-7.
The seeds were synthesized either alone or in the direct presence
of PEI and were then transferred onto the substrate by dip
coating (see Figure 9 for typical seeds). Addition of diethylamine
as a deprotonating agent in the mother solutions during the
secondary growth step enabled growth of a preferably oriented
film from a randomly oriented seeding layer (see section 3.2.3 for
more details).
Again aiming at increasing adhesion between the seeds and the

substrate, Varela-Guerrero et al.31 introduced the concept of
“thermal seeding” for HKUST-1 on porous alumina substrates.
Their inspiration comes from zeolite films. Indeed, seeds can be
deposited on a surface and calcined such that the hydroxyl groups
at the substrate’s surface react with those of the zeolite. Such an
approach is, of course, not possible with HKUST-1 because of
the lack of OH surface groups. Nevertheless, the authors
demonstrated that dropping the seeds onto a hot substrate
(200 �C) rather than a room-temperature substrate favors
anchorage of the seeds and leads to formation of dense and
homogeneous films after the secondary growth step.
Hu et al.80 developed an interesting “reactive seeding” ap-

proach to growing MIL-53 (Al) on a porous alumina substrate.
Similar to the case of metal substrates discussed in section 2.2.1.1,
the substrate is used as a metal source for nucleation of the seeds.
Film fabrication consists of two steps. First, the substrate is
incubated with the linker only under mild solvothermal condi-
tions to produce a seed layer. Next, the modified substrate is
immersed into a MIL-53 (Al) mother solution for the secondary
growth step at 220 �C. SEM inspections (Figure 10) showed that

Figure 9. SEM image of ZIF-7 nanoparticles used as seeds in ref 58. Size
distributions were determined by image analysis. Reprinted with permis-
sion from ref 58. Copyright 2010 Wiley-VCH.

Figure 10. SEM images of (a) MIL-53 seeds, (b) MIL-53 membrane,
and (c) a cross section of aMIL-53membrane. Adapted from ref 80 with
permission of The Royal Society of Chemistry.
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the seeds were homogeneously distributed at the surface and that
a dense, crack-free MOF layer with a thickness of approximately
8 μm was formed.
2.2.2.2. Non-MOF Particles as Seeds. Falcaro et al.48 devel-

oped a novel method for fabrication of seeds for subsequent
MOF growth. They prepared a MOF-5 growth solution in DMF
in the presence of the commercial surfactant Pluronic F-127.
The surfactant both coordinates the zinc ions and provides
phosphates in the reaction medium. As a result, polyhydrate zinc
phosphate rapidly precipitated in the form of nanoflaked micro-
particles (called desert rose microparticles or DRMs). After
being isolated and inserted into an MOF-5 synthesis solution
in DEF at 95 �C, these particles act as heterogeneous nucleation
seeds for MOF crystals. High-quality crystals were obtained in a
short time. Interestingly, these seeds can be used either dispersed
in solution or attached to a surface. Seeds dropped on flat oxide
surfaces (alumina, silica) and also on patterned substrates (see
Figure 11) induce MOF growth on surfaces in the form of large
intergrown crystals.
2.2.2.3. Coordination Polymers as Seeds. Gascon et al.19

studied the use of various coordination polymers as seeds for
MOF coatings on porous alumina substrates. They chose
HKUST-1 as a test system and used as seeds micrometer-sized
crystals, one-dimensional Cu(II)�BTC coordination polymer,
or amorphous HKUST-1 precursors. The seeds were prepared
separately, dispersed in solvent, and spin coated onto the
substrates. The one-dimensional Cu(II)�BTC coordination
polymer was obtained by replacing ethanol with water in a
HKUST-1 mother solution to prevent full deprotonation of
the BTC linker, which formed well-defined tagliatelle-like struc-
tures. The amorphous precursor is made of the powder material

that precipitates as soon as the copper nitrate and trimesic acid
are mixed in a water/ethanol solution. This material is amor-
phous and transforms into the MOF structure upon solvother-
mal treatment. The authors showed that when crystals (5 μm)
were used as seeds, few new nucleation events occur during the
secondary growth step and big crystals were found scattered at
the surface. However, use of the coordination polymer or
amorphous precursors led to homogeneous layers of
HKUST-1 that were randomly oriented with thicknesses ran-
ging from 2 to 5 μm.
The stepwise deposition of reactants is another method of

depositing MOF precursors on surfaces (see section 2.2.5). Nan
et al.38 performed four deposition cycles of HKUST-1; using
AFM, they observed formation of copper carboxylate complexes
at the surface, which acted as seeds. After a secondary growth step
at 120 �C, a 25 μm thick dense MOF layer was obtained.
2.2.2.4. MOF Thin Films as Seed Layers. Recently, several

works showed that thin MOF layers can also be used as seeding
layers to grow thicker MOF films. Yusenko et al.70 constructed a
[Cu(ndc)(dabco)0,5] film by stepwise dosing of reactants (see
section 2.2.5) and used this film as a seeding layer for a secondary
growth step. This last step was performed in a typical
[Cu(ndc)(dabco)0.5] mother solution under solvothermal con-
ditions for 12 h. Compared to a direct growth method in a
mother solution, the film obtained by seeded growth was more
homogeneous and continuous and retained the preferred orien-
tation of the seeding layer.
Yoo et al.77 studied the system MOF-5/IRMOF-3 in detail.

They first grew hybridized single crystals with MOF-5 as the
core and IRMOF-3 as the shell and then used this knowledge to
grow hybrid films. Indeed, no satisfactory films of IRMOF-3 are
obtained either from direct synthesis under solvothermal con-
ditions or frommicrowave-induced thermal deposition because

Figure 12. Schematic illustration of heteroepitaxially grown IRMOF-3
on the surface of an IRMOF-1 seed crystal layer (a), and SEM images of
an IRMOF-1 seed layer (b). IRMOF-3/-1 hybrid films grown for 1 (c), 2
(d), and 3 h (e). Reprinted with permission from ref 77. Copyright 2010
American Chemical Society.

Figure 11. Desert rose microparticles used for positioning MOF-5 on
patterned supports. (e) SU-8 membrane obtained after the lithographic
procedure. The wells have a diameter of 40 μm and depth of 100 μm
(scale bar, 100 μm). (f) DRMs located in a hole of the substrate after the
drop-casting and drying processes (scale bar, 10 μm). (g) MOF-5
crystals growing within each of the lithographed holes. The micrograph
was taken after 5 h reaction time at 95 �C in the MOF-5 growing
medium (scale bar, 50 μm). The insets show crystals emerging from the
holes during growth (scale bar, 20 μm). (h) Substrate after 10 h reaction
time at 95 �C.MOF-5 crystals have grown out of the holes and appear to
be interconnected with their neighbors, which is a prerequisite for
controlled formation of a continuous layer of MOF (scale bar, 200 μm).
Reprinted with permission from ref 48. Copyright 2011 Nature
Publishing Group.
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the heterogeneous nucleation rate of IRMOF-3 is very low.
Therefore, the authors decided to grow MOF-5 layers on their
substrates first and then performed a secondary growth step in a
IRMOF-3 mother solution. Figure 12c�e shows images of the
resulting films when porous alumina was used as the substrate
(the seeding layer was grown by microwave-induced thermal
deposition). When the time allowed for growth was increased
from 1 to 3 h (Figure 12c�e), the crystals increased in size and
became intergrown. The cracks in the films are due to the
instability of IRMOF-3 toward air when dry. Solutions to this
problem will be discussed in section 3.2.2.
2.2.3. ElectrochemicalMethods. Electrochemical methods

to synthesize MOFs were first introduced by scientists at BASF
for the large-scale production of MOF powders.101 A metal
electrode is oxidized to provide metal ions in a solution that
contains the ligand. Ameloot et al.23 showed that, by modifying
the conditions and in the absence of stirring, it is possible to coat
the metal electrodes by a MOF film. The case study of the
authors involved growth of HKUST-1 on copper anodes. By
applying an anodic voltage to copper electrodes immersed in a
BTC solution, MOF layers were formed in 30 min or less.
Various thicknesses (2�50 μm) and intergrowth degrees could
be obtained by variation of the water content of the solution as
well as the voltage and frequency of the applied tension. Because
the metal ion is supplied at the surface where nucleation takes
place, the crystals, and thus the resulting films, are remarkably
homogeneous. To the best of our knowledge, only HKUST-1 has
been grown using this method. Nevertheless, fabrication of other
MOF films featuring other transition metals should be possible.
In amore recent work, the same group24 reported a new growth

method based on galvanic displacement. Here again, metallic
copper was used as a source to build HKUST-1 MOF. The
fabrication scheme is depicted in Figure 13. A film of metallic

copper was first deposited onto a substrate (e.g., a glass slide) by
thermal evaporation. A solution of silver nitrate and BTC ligand in
DMSOwas then spin coated over the copper-coated substrate, and
the coated substrate was heated at 80 �C until complete evapora-
tion of the solvent. By reaction of silver ions and copper film, Cu2+

ions are produced and silver ions are reduced to metallic silver
(galvanic displacement), which provides the necessary building
blocks. Homogeneous coatings made of small, intergrown, and
octahedral HKUST-1 crystallites (100�200 nm) are formed.
Adhesion of the MOF film to the substrate is strong because it
cannot be peeled off by sonication. The drawback of thismethod is
that, in spite of extensive washing, metallic silver particles con-
taminate the resulting film.
2.2.4. Assembly of Preformed MOF Nanocrystals.

Fabrication of MOF films by assembly of preformed objects
(typically colloids) has been extensively studied by Sanchez,
Serre, and co-workers.50,86,87 Their approach is to prepare well-
defined MOF particles and transfer them onto a surface by dip
coating. To prove the generality of the concept, the authors
experimented with three different MOF structures: the iron
muconate MIL-89,86 MIL-101 (Cr),87 and ZIF-8.50 The ad-
vantages of such a route over other routes are precise control of
the particle size and the presence of intergrain mesoporosity.
Combined, these two advantages enable easier diffusion of
analytes into the film and can be useful for certain applications.
In this review, we describe the case of MIL-101 (Cr) as a typical
example. The first step is preparation of a stable colloidal and
homogeneous dispersion of MIL-101 (Cr) nanocrystals. This
step was achieved by a short synthesis (1 min) under microwave
irradiation. Nanoparticles with an average diameter of 22 nm
were harvested and characterized to confirm their chemical
identity. Next, the particles were redispersed in ethanol to form
a stable colloidal dispersion into which a bare silicon substrate
was dip coated. Depending on the concentrations of particles in
solution, 2�3 layers of particles were deposited at a time.
Repetition of the dip-coating process led to thicker films and
allowed close control of the thickness. The nanoparticles
appear to closely pack and form relatively uniform layers (see
Figure 14). However, the mechanical resistance of such films,
which are not rigidly linked to their substrates, is questionable.
2.2.5. Stepwise Dosing of Reagents. The stepwise dos-

ing of reagents is a deposition method closely related to the
liquid-phase epitaxy method described in section 2.1.1 but is
more general. Indeed, the method concerns depositions where
the conditions required for linear layer-by-layer growth, speci-
fically, a SAM-modified gold substrate and manual or in-situ-
automated deposition featuring continuous flowing are not
reunited. Nevertheless, the principle of separating reagents
and dosing them stepwise onto a surface is kept and applied

Figure 14. TEM (left) and AFM (right) images of nanoparticles and a
97 nm thin film of MIL-101(Cr), respectively. Reprinted with permis-
sion from ref 87. Copyright 2009 The Royal Society of Chemistry.

Figure 13. Schematic illustrationof patternedfilm growth of [Cu3(BTC)2]
by galvanic displacement. A glass slide treatedwith chlorotrimethylsilane (A)
is covered with metallic copper in a patterned way (B). A solution of silver
nitrate andH3BTC inDMSO is subsequently spin coated onto the slide (C).
After evaporation of the solvent, the metallic pattern is covered by
[Cu3(BTC)2] crystallites (D). Reprinted with permission from ref 24.
Copyright 2010 The Royal Society of Chemistry.
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to various substrates, including inorganic wafers,70 textiles,37

and porous alumina.71 Using [Cu2(ndc)2(dabco)] as a test
system, Yusenko et al. studied inorganic wafers (SiO2, Al2O3,
Ta2O5, and Si3N4) and showed that the growth is not self-
terminated but is rather the result of a complex equilibrium
between the metal-ion ligands (here acetates) and the organic
linkers. A higher temperature (about 50 �C) is also required.
Moreover, storage of precursors in the already-grown structure
increases their local concentration. As a result, after 40 deposi-
tion cycles, the films consisted of 100 nm discrete crystals that
were intergrown and formed a rough 120�150 nm thick film
instead of the very smooth, 40 nm thick SURMOF film one
would expect on a SAM-modified substrate. Interestingly, the
films showed preferential orientation in the [001] direction and
can be used as a seeding layer for growth of a thicker film (see
section 2.2.2.3). The orientation of such films is controlled not
merely by the functionality of the substrate but also by
the deposition sequence. Indeed, using a three-step deposition
instead of a two-step one (as detailed in section 2.1.1) led to
[100]-oriented films without any difference in surface
preparation.71

3. CONTROLLING AND CHARACTERIZING MOF FILMS

3.1. SURMOFs
3.1.1. Characterization. Because of their very small

thickness, SURMOFs raise specific characterization issues,
including structural characterization, morphology, and poros-
ity measurements. In the following sections, we will describe
relevant techniques as well as some examples of their use for
the characterization of SURMOFs.
3.1.1.1. Crystalline Structure. The tool usually used for struc-

tural assignment of films is X-ray diffraction. Two scattering
geometries are relevant: the out-of-plane mode and the in-plane

mode. The out-of-plane geometry is a simple Bragg�Brentano
geometry and can be performed with simple laboratory equipment,
but it is sensitive only to the lattice parameter that is parallel to the
substrate (i.e., in the growth direction). The in-plane geometry (at
grazing incidence) is sensitive only to in-plane lattice dimensions.
Therefore, to obtain the complete XRD pattern for a highly
oriented film, bothmeasurements are needed. Due to the thickness
of typical SURMOFs (20�50 nm) and the low density of the
material, synchrotron radiation might be necessary. In most cases,
theMOF structure has been already described as bulk, and a simple
comparison between patterns enables assignment of the structure.
However, it is also possible to grow films with corresponding
structures that cannot be obtained as a single crystal or as a
powder.67,69 In such cases, models should be used together with
XRD data. In the case of NAFS-1,67 a complete structural model
was built starting from related known structures and was compared
to X-ray data for evaluation. XPS and IR spectroscopy also gave
useful information about the degree of oxidation and the coordina-
tion states of metal ions and were helpful in building the model.
In addition to structural studies, X-ray diffraction can also

provide some insights into themorphology and homogeneity of a
given sample. Domain sizes can be calculated using either the
Scherrer equation ormore advanced tools, such as Fourier single-
line analysis. For a SURMOF with a self-terminated, linear
growth mode, the domain size in the growth direction corre-
sponds to the number of applied cycles multiplied by the cell
dimension.67,72 Measurement of rocking curves (θ scan) and the
sample direction dependence at one specific peak position can
also give useful information. In the study by Makiura et al.,37 the
(001) line in the out-of-plane mode was chosen because it
reflects the stacking of layers. Rocking-curve measurements gave
a single peak with a full width at half-maximum (fwhm) of 0.3�,
which indicated that the layers are nearly parallel to each other
(average tilt angle of 0.3�) (see Figure 15). The sample direction

Figure 15. Derivation of the interlayer spacing and film thickness from out-of-plane synchrotron XRDmeasurements. Reprinted with permission from
ref 102. Copyright 2010 Wiley-VCH.
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dependence measurement consists of scanning the azimuthal
angleΦ (rotation of the sample around its normal) atfixedθ and 2θ
positions. No angular dependence was found, which suggested that
the layers form uniformly without any preference in the direction of
the substrate. The presence of misoriented crystallites may also be
investigated by X-ray diffraction.73 Indeed, when theMOF structure
is tetragonal (e.g., in the case of [Cu2(ndc)2(dabco)]) a perfectly
oriented filmwill exhibit only 00l lines in the out-of-planemode and
only h00 in the in-planemode if the structure has been grown in the
(001) orientation. The goniometer should subsequently be posi-
tioned at a Bragg peak position, for example, at 001 in the out-of-
plane mode, and the sample stage should be moved to the in-plane
geometry (χ angle at 90� from the other geometry) while recording
the diffracted intensity. If disoriented crystallites are present, their
(001) planes will be appear at a diffraction position at some point
and the corresponding Bragg peak will appear. In the absence of
disoriented crystallites, no feature other than the peak at the starting
position will be recorded.
In some cases, integrated devices or small substrates are used

and the substrate may not be sufficiently large for X-ray diffrac-
tion. In this case, Raman spectroscopy can be used. Indeed,
Raman spectroscopy can be very efficient at assessing crystalline
structure, particularly in the cases of ZrO2 and CeO2.

103 Allen-
dorf et al.28 coated microcantilevers with 20 cycles of HKUST-1,
which were deposited by liquid-phase stepwise deposition. Prior
to deposition, the microcantilevers were functionalized with gold
and then with a SAM. The authors used microsurface-enhanced
Raman spectroscopy (μSERS) to prove the identity of the MOF
layer. This method relies on deposition of a thin (2.5 nm) silver
layer on top of the MOF film, which greatly enhances the signal.
An area of 2 μm2 was demonstrated with the instrument. The
identity of the film was proven by comparison of the film signal
with the signal of a similar film grown onto a macroscopic surface
(see Figure 16).
3.1.1.2.MorphologyStudies.The studyof thin films (20�40nm)

prepared frommaterials with low densities that are also insulators and
sensitive to electron beams is not easily performed by scanning

electron microscopy (SEM). Sputtering of the surface with a
conductor, such as gold or carbon, is required for good resolution.
In most cases, cross-section measurements of the thickness are not
possible because the film cannot be clearly detected. The SURMOFs
are much more conveniently studied by atomic force microscopy
(AFM) or scanning force microscopy (SFM), which allows local
study of the homogeneity and roughness of a SURMOF. HKUST-1
films grown by liquid-phase epitaxy are a good example: surface
roughness was monitored as a function of the number of deposition
cycles.94 A 45-cycleHKUST-1 film grown in the [100] orientation on
patterned COOH-/CF3-terminated SAMs exhibited a surface rough-
ness (root-mean-square, rms) of 5�6 nmover areas of up to 10μm2.
Such a roughness corresponds to step heights of only two unit cells.
When the substrate is patterned such that some locations are free
from MOF film, measurements of the overall thickness of the film
become possible. When applied on the aforementioned HKUST-1
film, such measurements gave direct evidence that after about 20
layers the growthmode is linear with an increase of one-half a unit cell
per deposition cycle (metal + linker). Similar studies on [Cu2-
(ndc)2(dabco)]

72 (see Figure 17) and NAFS-167 SURMOFs also
show low roughness and high lateral homogeneity.
3.1.1.3. Porosity Measurements. Most properties and po-

tential applications of MOFs rely on their porosity. The pores
should be easily activated (i.e., solvent molecules removed) and
accessible to guest molecules. A common issue to any sup-
ported film is the thermal resistance. Indeed, when heated to
high temperatures, films may develop cracks, due to the
differences in the thermal expansion between the substrate
and the film. The morphology may be greatly affected; delami-
nation may occur. Consequently, low-temperature activation
methods should be preferred: the solvent should be exchanged
for a volatile one (typically chloroform or dichloromethane),
and the film should be dried under a vacuum at room tempera-
ture or moderate temperature. Characterization of the porosity
of polycrystalline films will be discussed in section 3.2. In the
following sections, we will focus on the SURMOF case. The

Figure 17. AFM images of [Cu2(ndc)2(dabco)] SURMOFs. (Top)
Twenty layers on a pyridine-terminated SAM (scale bar 2 mm, overall
surface roughness around 16.1 nm). (Bottom) Twenty layers on a
COOH-terminated SAM (scale bar 1 mm, overall surface roughness
around 2.03 nm). Reprinted with permission from ref 72. Copyright
2011 Wiley-VCH.

Figure 16. Verification of HKUST-1 on the microcantilever using
SERS: (blue) SERS spectrum of HKUST-1 on a microcantilever;
(red) SERS spectrum of an HKUST-1 film on a macroscopic substrate;
(black) unenhanced Raman of a thick HKUST-1 layer used as a
reference. Peaks labeled C�H(Ar) correspond to out-of-plane aromatic
C�H bends. Reprinted with permission from ref 28. Copyright 2008
American Chemical Society.
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small amount of deposited material must be taken into account:
20�40 nm thick porous films, spread over approximately 1 cm2.
In most cases, the thickness is not directly measured but rather
is estimated from the number of deposition cycles or from XRD
data. Shekhah et al.69 coupled thickness measurements by AFM
and BET surface area evaluations by krypton adsorption.
Indeed, Kr adsorption allows a precise measurement of small
surface areas. The obtained value of 627 ( 15 m2 cm�3 is
consistent with expectations from bulk MOF material. Never-
theless, this method is notably difficult to implement and
requires a large amount of sample. Therefore, a more straight-
forward method was developed that is based on quartz crystal
microbalance (QCM) equipment.
SURMOFs samples are fabricated under mild conditions (see

section 2.1) and are thus compatible with sensitive QCM
substrates. These substrates are usually covered with gold; they
can be easily functionalized by a SAM and used as substrates for
SURMOF growth. Biemmi et al.21 introduced a setup for sample
loading via the gas phase. A liquid analyte is kept at a constant
temperature, and its vapors are dosed in a controlled evaporator
mixer where they are mixed with a carrier gas (N2) before
reaching the QCM cell. The analyte sorption by the film is
detected as a shift in frequency, translated to a mass uptake by the
Sauerbrey equation,104 and related to the weight of the activated
film. Full water sorption isotherms were recorded on polycrystal-
line HKUST-1 films in this manner.
Because SURMOFs are thinner, smoother, and more homo-

geneous than polycrystalline films, more advanced studies are
possible, such as determination of diffusivity values. Zyabalyo
et al.27 prepared a HKUST-1 SURMOF by LPE on QCM
substrates. They used a simpler setup: the QCM cell received
either a pure N2 flow or an analyte-saturated flow (see
Figure 18). The time dependence of the frequency change
was recorded as the loaded gas entered the QCM cell.
Frequency shifts were translated into mass uptakes and
interpreted using a Fickian model of diffusion to obtain
kinetic constants. Unfortunately, the chosen case (diffusion

of pyridine into HKUST-1) was not studied on bulk material;
therefore, the diffusion constant, which was calculated to be
1.5 � 10�19 m2 s�1, could not be related to any other value. In
addition, the diffusion constants that have been measured by
various techniques in different MOFs differ from this value by
several orders of magnitude.105,106 Using a similar setup, we
recently studied the gas-phase ethanol loading of the functionalized
SURMOF [Zn2(BME-bdc)2(dabco)] (BME-bdc = 2,5-bis(2-
methoxyethoxy)-1,4-benzene dicarboxylate) (see Figure 19). A
significant mass uptake was recorded when pure N2 was switched
to ethanol-loaded N2. The uptake was first quick and then slower
with a constant slope. When the system was switched back to pure
N2, part of the ethanol desorbed but a significant amount stayed.
This amount corresponds to a loading of about 1.3 molecules per
unit cell and is identical to the loading measured on powder (gas-
phase loading of ethanol) by thermogravimetric analysis (TGA).107

3.1.2. MOF on MOF Heterostructures. Metal�organic
frameworks are a subclass of coordination polymers and, as such,

Figure 19. Ethanol uptake of a 40-cycle [Zn2(BME-bdc)2(dabco)]
SURMOF film.

Figure 20. X-ray diffraction patterns (background corrected) of a
30-cycle [Zn(BME-bdc)(dabco)0.5] deposited on top of a 30-cycle
[Cu(ndc)(dabco)0.5] MOF in [001] orientation on pyridine-termi-
nated SAM (d) compared with the pattern of the 30-cycle Cu(ndc)-
(dabco)0.5] MOF alone. Calculated patterns for bulk [Cu(ndc)-
(dabco)0.5] (a) and experimental data of bulk [Zn(BME-bdc)(dabco)0.5]
(b) are included. Reprinted with permission from ref 72. Copyright 2011
Wiley-VCH.

Figure 18. Setup employed for the sorption measurements: (1) argon
supply, (2) gas flow controller (FMD PR4000), (3) main valve,
(4) three-way valve, (5) storage container with the loading substance,
(6) thermostat, (7) glass tube, (8) QCM sensor with gold electrodes,
(9) sample holder with electric feed through, (10) membrane pump,
(11) impedance analyzer, (12) PC, (13, 15) outlet valves, (14) inlet
valve. Reprinted with permission from ref 27. Copyright 2010 PCCP
Owner Societies.
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members of the wide family of polymers. In agreement with block
copolymers, several groups developed methods to grow MOFs
on top of other MOFs in an epitaxial fashion.
The first example of core�shell MOF single crystals was

published by Kitagawa and co-workers.7 They started from
[Zn2(ndc)2(dabco)] single crystals approximately 200 μm in
size and immersed them in a solvothermal mother solution for
synthesis of [Cu2(ndc)2(dabco)]. Hybridized core�shell crys-
tals were harvested in high yields. Advanced XRD analyses
indicated that the shell was also a single crystal and that it was
grown epitaxially at the surface of the core crystal, with a small
rotation angle for lattice mismatch accommodation. Koh et al.8

expanded this work by growing ABA-type hybridized crystals
based on MOF-5 and IRMOF-3. This last work is particularly
interesting because the two MOFs, A and B, differ in their
functionality that is borne by the organic linker (bdc in theMOF-
5 case, NH2-bdc in IRMOF-3). The path to multifunctional
MOF materials is thus open and, of course, of great interest to
researchers involved in MOF films.
SURMOFs are particularly well suited for multilayered

architectures because of their high degree of crystalline order
and orientation, smoothness, and versatile synthesis methods.
Proofs of principle were first given by Zacher et al.72 The
functionalized SURMOFs ([Cu2(F4bdc)2(dabco)] and [Zn2-
(BME-bdc)2(dabco)]) were grown on top of [Cu2(ndc)2-
(dabco)] SURMOFs. The high degree of crystallinity and
orientation of the bottom layer was maintained after the top
layers were added. Because of the same topology and similar cell
parameters of the different MOFs, the diffraction lines from the
different MOFs occur at the same positions. Nevertheless, the
broadness of the line was reduced and the overall thickness
calculated from single-line analysis fitted well to the overall

number of deposition cycles (see Figure 20). Such multilayered
SURMOFs are, however, difficult to characterize precisely.
Indeed, it is not possible to perform typical depth-profile
experiments by X-ray photoelectron spectroscopy (XPS) be-
cause Ar-ion sputtering induces a strong intermixing of the
SURMOF layers. The question of the interface between two
SURMOFs is thus still open. Shekhah et al.73 recently used
advanced XRD techniques (detailed in section 3.1.1.1) in a
synchrotron facility to characterize the degree of orientation of
a [Zn2(ndc)2(dabco)] SURMOF grown on top of a [Cu2-
(ndc)2(dabco)] SURMOF. The results indicate a perfect
orientation in the (001) direction and the absence of disor-
iented crystallites, both in the bottom SURMOF and in the
resulting heterostructure. A particularly interesting application
of the MOF-on-MOF heterostructure concept would be the
possibility to “protect” a water-sensitive SURMOF from moist-
ure by growing a hydrophobic SURMOF on top of it, such as by
using a fluorine-containing linker.
3.1.3. Surface Modification of SURMOFs. Well-defined

objects, such as MOF single (macro) crystals and SURMOFs, are
good candidates for selectivemodification of their external surfaces
or crystallite facets. Surface modifications of MOF single crystals
were pioneered by Gadzikwa et al.,108 who were inspired by
postsynthetic modification strategies. A reactive group was incor-
porated into the ligand and protected so as to allow synthesis of
MOF single crystals. The ligand was then deprotected and
subjected to a Cu(I)-catalyzed click chemistry reaction with a
long polyethylene glycol (PEG) chain. The sizes of the deprotect-
ing agent and polymer were thought to prevent them from
penetrating the MOF structure. The surface properties were
indeed tuned: the surface was transformed from hydrophobic to
hydrophilic. Kondo et al.109 recently demonstrated a more simple,

Figure 21. (Top) Stepwise approach for external surface functionalization of the preformed [001]-oriented SURMOF [Cu2(ndc)2(dabco)]n on
pyridine-terminated SAM. (Bottom) Ligand exchange between acetate and NH2-bdc and the reaction of NH2-bdc with FITC. Reprinted with
permission from ref 74. Copyright 2011 American Chemical Society.
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one-pot approach for face-selective decoration. A well-known dye,
BODIPY, was modified to bear carboxylic acid moieties. Single
crystals of [Zn2(ndc)2(dabco)]n were immersed in a modified
BODIPY solution for 3 h at 45 �C. A ligand exchange reaction
occurred between the ndc ligands that terminate four of the cubic
crystal faces and the modified dye molecules, which are too bulky
to enter the pores of the structure. Fluorescence was detected by
confocal laser scanning microscopy: the COOH-terminated faces
were all fluorescent, which confirmed the ligand-exchange reac-
tion. In the case of HKUST-1 crystals that contain only COOH-
based coordination bonds, the entire surface of the crystals became
fluorescent.
A related approach has been applied for external surface

modification of SURMOFs,74 which is schematically described
in Figure 21. A dye (FITC) bearing an isothiocyanate moiety was
grafted ontoNH2 surface groups. Unfortunately, achieving good-
quality [Cu2(ndc)2(dabco)]n SURMOF by use of amino-func-
tionalized terephtalic acid (NH2-bdc) instead of ndc is difficult.
Therefore, a [Cu2(ndc)2(dabco)]n SURMOF that is inert to
FITC was first prepared. During the last cycle, the mixture of the
ndc and dabco solutions that was used for growth (see section
2.1) was substituted with a solution of NH2-bdc. Thus, only the
external surface of the SURMOF was functionalized with NH2

groups. In a second step, the SURMOF was placed into contact
with a solution of FITC (and a base). The samples were observed
under a fluorescence microscope, and a strong fluorescence was
detected, which indicated successful grafting of FITC molecules.
Samples that were not functionalized by NH2-bdc showed little
or no fluorescence. After deposition of two inert layers (bdc or
ndc instead of NH2-bdc) on top of the NH2-bdc-modified
SURMOF, binding of FITC was quantitatively suppressed. This
finding agrees with the surface roughness of the initial SURMOF
being approximately (1 layer. Essentially, these experiments
point to the unique possibility of deriving a layer-selective
functionalization of SURMOFs within the bulk of the film under
optimum conditions.

3.2. Polycrystalline Films
3.2.1. Characterization.Characterization of MOF polycrys-

talline films is essentially similar to SURMOFs but more
straightforward, mainly because of their greater thicknesses.
Standard X-ray diffraction is the main tool used to assess the
structure in the out-of-plane mode by comparison with powder
references. Even if AFM can provide useful information, SEM is
more commonly used to observe the morphology and
measure the thickness. The porosity is rarely assessed by gas
adsorption measurements, even in the case of thick films. Never-
theless, indirect tools, such as loading with probe molecules (e.g.,
metallocene derivatives42,75), vapor sensing,21,23 environmental
ellipsometry,50 or gas separation51,57 assess the accessibility of
the pores.
3.2.2. Controlling the Microstructure. Obtaining the

desired microstructure or morphology may be difficult during
preparation of a MOF film. When performed by direct synth-
esis in a mother solution, the nucleation rate may be too low at
the surface and the resulting film will not be continuous. In this
case, it may be helpful either to change the synthesis condi-
tions or solvent, although such changes are not always possi-
ble, or to change the synthesis method to, for example, seeded
growth. The works of Bux et al.51 and McCarty et al.55 on ZIF-
7 and ZIF-8 films illustrate an important point: additives in the
synthesis mixture can help control the microstructure of the

film. In both cases, sodium formate was used as a basic
additive. In the postulated mechanism,55 small ZIF-8 crystals
are terminated with neutral 2-methylimidazole linkers. So-
dium formate increases the synthesis pH and enables full
deprotonation of the linkers, which allows crystal growth to
proceed in all directions. Such reactions yield large crystals
rather than the branched structures that are usually observed.
As a result, the crystals at the surface are large and well
intergrown instead of being small and scattered at the surface.
This idea is strongly related to the field of nano-MOFs and the
surface chemistry of MOFs and is also relevant for preparation
of seeds for seeded growth. A detailed discussion of this topic
is beyond the scope of this review; more information can
be found elsewhere.17,99

Formation of cracks upon cooling the film (when deposited
from the reaction mixture), upon activation (solvent exchange
and/or drying), or upon aging (if the sample is water sensitive,
for example) is also undesirable. To avoid formation of cracks
upon cooling, the film should be cooled slowly and, if possible,
while still immersed in its mother solution. Cracks aremore likely
to occur upon drying. Solvent exchange for low-boiling solvents,
such as methanol, chloroform, or dichloromethane, is beneficial
because the film can then be activated without being subjected to
high temperatures. Another common method to avoid cracking
is to dry the films under nearly saturated conditions. The films are
placed in an oven next to a beaker filled with solvent and gently
heated for sufficient time (typically a few days). This approach
proved successful for HKUST-131,38 and IRMOF-3,78 for exam-
ple, even if the samples were only partially dried.
Aging is a problem when the MOF degrades in air, and this

problem is particularly notable for the famous IRMOF-n family.
These materials have interesting properties that have been well
studied in the bulk phase, but few applications as films have been
presented because of their water sensitivity. Yoo et al.78 prepared
air-stable, crack-free IRMOF-3 membranes using a surfactant-
assisted drying method. IRMOF-3 membranes were prepared in
DMF following a procedure described in section 2.2.2.3. The

Figure 22. SEM images of IRMOF-3 membranes after drying (a)
without surfactant, (b) with a triblock copolymer, P-123, and (c) with
Span 80. The cross-sectional view (d) is from the membrane dried in the
presence of Span 80. The thickness of the membrane is ∼10 μm.
Reprinted with permission from ref 78. Copyright 2011 American
Chemical Society.
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films were immersed for 3 days in chloroform to exchange DMF
occluded in the pores. They were then immersed in a chloroform
solution containing a surfactant, Span 80 (sorbitan oleate,
C24H44O6), and dried at room temperature under nearly saturated
conditions. SEM images (see Figure 22) demonstrated a clear
improvement in the morphology. The film turned hydrophobic
and was crack free and stable for more than 1 month, whereas a
membrane that did not contain a surfactant was stable for only a
few hours. The authors also showed that the presence of the
surfactant somewhat reduces the apparent BET surface area, but it
efficiently protected the membrane from degradation in air.
3.2.3. Controlling the Orientation. The orientation of a

MOF thin film is particularly important for applications that
require mass transfer through the film and where the MOF has
1D or 2D pores. The porosity or channels should thus be
oriented, in the best case, perpendicularly to the substrate or at
least with a sufficiently high angle. Several examples have been
published where the MOF film grows “naturally” oriented upon
deposition64 or retains the preferential orientation of its seeding
layer.45,70 However, in most cases, the films are obtained either
randomly oriented or even sometimes wrongly oriented (1D
pores lying parallel to the substrate). Several groups have shown
that additives or carefully chosen precursors can help to obtain a
desired orientation. For example, replacement of formic acid by
sodium formate for synthesis of [Mn(HCOO)2] on porous
alumina transformed the channel from being preferentially
parallel to the substrate to an angle of 34� relative to the
surface.79 In other cases, addition of a base58 or a change of the
solvent82 can trigger oriented growth from a randomly oriented
seeding layer. The explanation for such behaviors is related to the
nature and activity of growth species in solution, which can be
influenced by the pH or solvent of the mother solution. The
study by Li et al.58 that involved fabrication of oriented ZIF-7
membranes is particularly interesting. The authors showed that
the aspect ratio of ZIF-7 crystals in solution (i.e., the ratio of the
average crystal length to the average crystal width) can be
controlled using zinc chloride instead of zinc nitrate as a
precursor and varying the amount of diethylamine added as a
deprotonating agent. The randomly oriented seeding layer was

deposited by dip coating into a colloidal solution of ZIF-7 seeds
and polyethylene imine. The seeds were nearly spherical. For
secondary growth, optimized conditions for synthesis of thin
microrods were used and allowed formation of a 2 μm thick film
made of well-intergrown columnar grains with the c axis slightly
tilted (10�) from the normal to the surface.
Another approach relies on the use of self-assembled mono-

layers (SAMs) to direct growth. Bein and co-workers studied
growth of MOFs, such as HKUST-1,20 on SAM-modified sub-
strates by direct growth from preconditioned mother solutions at
room temperature (see section 2.2.1.2.). They observed different
orientations that depended on the functionality of the SAM
(COOH, OH, or CH3 terminated): COOH-terminated SAMs
favored orientation along the [100] direction (pyramid-shaped
crystals), and OH-terminated SAMs favored [111] orientation
(octahedral crystals) (see Figure 23). Using either direct growth
from the mother solution at room temperature or gel-layer
methods, Fe-MIL-88B,85 Fe-MIL-88B-NH2,

30 and CAU-181 were
also obtained as perfectly oriented films on top of COOH-
terminated SAM, whereas OH-terminated SAMs led to less-
strongly oriented films.
The SAM alone, however, is not always sufficient to explain

orientation. The synthesis conditions also play a critical role, as
exemplified by HKUST-1. Schoedel et al.30 used gel-layer
synthesis and obtained [111]-oriented crystals independently
of the SAM. Zacher et al.18 performed growth under solvother-
mal conditions (see section 2.2.1.1) and obtained [111]-oriented
crystals on a COOH-terminated, silane-based SAM. Ameloot
et al.33 deposited crystals on variously functionalized surfaces by
evaporation-induced crystallization (see section 2.2.1.5) and
always observed the same [111] orientation. Zhuang et al.41

precipitated MOF crystallites by solvent vapor diffusion and also
observed only [111] orientation (see section 2.2.1.2).
3.2.4. Controlling the Spatial Localization/Functionality.

The ability to control the spatial repartition of a functional material
on a surface is of key importance in many applications, which is
why patterning techniques are becoming more important.
Use of SAM-modified substrates allows an easy spatial

functionalization by microcontact printing. The method is
relatively cheap and quick and allows sufficient precision. For

Figure 24. Patterned deposition of HKUST-1 crystals: (A) scale bar
25 mm. (B) Details of individual crystals viewed from above (left) and at
a 35� angle (right): scale bar 1 mm. Arrows indicate intergrowths caused
by a second nucleation. Reprinted with permission from ref 33. Copy-
right 2010 Wiley-VCH.

Figure 23. X-ray diffraction patterns (background corrected) of thin
films of HKUST-1 on functionalized gold surfaces compared with the
pattern of a randomly oriented HKUST-1 powder sample. Each pattern
is normalized to the most intense reflection. Reprinted with permission
from ref 20. Copyright 2007 American Chemical Society.
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example, it has been shown that many MOFs do not grow on
CF3-terminated SAMs18,42 (either thiol or silane based), whereas
they do grow on COOH- or OH-terminated SAMs. In the case of
a thiol-based SAM, such films cannot be used at elevated
temperatures (typically above 80�). Yet SAMs that contain
covalent Si�O�M (M = surface atom) bonds can withstand
much higher temperatures, often temperatures that are above the
decomposition temperature ofmanyMOFs, and can be patterned
as well. Gassensmith et al.110 recently demonstrated that micro-
contact printing of silane-based SAMs is indeed compatible with
direct synthesis in a mother solution at 85 �C.
Ameloot et al.33 also used microcontact printing to control the

spatial repartition ofMOF crystallites at the surface. They inked a
patterned PDMS stamp with a clear MOF mother solution (see
section 2.2.1.5 for details) and applied it to a surface. Because the
liquid was confined between the stamp and the substrate, MOF
crystallites formed only under the stamp, Figure 24.
When metallic substrates are used, well-known methods used

in the electronics industry can be applied, such as metal
evaporation under a mask. A good example is the report by
Ameloot et al.24 The authors started from a glass slide treated
with chlorotrimethylsilane. This surface is improper for MOF
growth because the solvent does not wet the surface. Copper was
subsequently evaporated on the substrate in a pattern (see
Figure 13). The MOF growth solution (a mixture of btc linker
and silver nitrate) was spin coated onto the glass slide. Because of
silane treatment, the MOF growth solution was confined to the
copper squares and so was the resulting MOF film.
The seeded growth method also enables, in some cases,

control of the spatial localization of the film. A good example is
the work of Falcaro et al.,48 who dropped the seed solution onto
only a part of the substrate. After drying, the substrate (alumina
or silicon wafers) was immersed into aMOF-5 synthesis solution

inN,N-diethylformamide (DEF) and incubated at 95 �C for 12 h.
Interestingly, MOF crystals were formed only in the regions
covered with seeds and not elsewhere. This method is simple; it
requires only that seeds are strongly attached to the substrate
such that they do not migrate during the secondary growth step.
The method is particularly efficient when the heterogeneous
nucleation rate of the MOF on bare substrates is low.

4. APPLICATIONS OF MOF FILMS

4.1. Overview and Comments on Substrates
On the basis of the collection of literature in Table 1, a large

diversity of substrates can be coated with MOF films, such as
metals, oxides, polymers, and textiles, for example, irrespective of
the smoothness, roughness, or porosity of the substrate. Often,
the substrate is determined by the intended application. How-
ever, in many cases, the substrate will determine the deposition
technique or at least reduce the number of viable choices. Indeed,
integrated, patterned, or sensitive devices will probably not
withstand high temperatures or corrosive acidic solutions, and
control over the spatial localization may be lost (see section
3.2.4). Therefore, only “soft”, low-temperature methods must be
used. For nonsensitive substrates with complicated shapes, such
as catalytic beads (made of alumina), tubular porous alumina,
and pulp fibers, direct synthesis under solvothermal conditions
or stepwise deposition gives the best results.32,37,48,65,66 In cases
where the nucleation rate at the surface is insufficient, some of the
strategies discussed in section 2.2, such as surface modification by
organic linkers or seeded growth, may be helpful.

4.2. Sensing Applications
The unique combination of properties found in metal�

organic frameworks makes them interesting for applications as
sensors. Indeed, large surface areas combined with an appropriate
tuning of the pore structure and chemical functionality suggest that
high analyte sensitivity and selectivity could be achieved. Several
transduction mechanisms are possible, including luminescence,
changes in optical properties, use of quartz crystal microbalances,
use of microcantilevers, and changes in electrical properties. This
last transduction mechanism is not currently possible because it
would require networks that are not insulators (and, to date,
almost allMOFs are insulators). A few proofs of principles are now
in the literature and will be reviewed here. A detailed discussion on
transduction mechanisms and considerations that should be made
when selecting or designing a MOF for detection is beyond the
scope of this review and can be found elsewhere.9

4.2.1. QCM-Based Sensors. One of the most straightfor-
ward approaches to devising a sensor is to use quartz crystal
microbalance (QCM) equipment. Indeed, typical substrates for
such devices are quartz plates coated with a material such as gold,
silica, or copper. Thus, many growth methods described in
section 2 are compatible with QCM substrates as soon as they
take place at low temperature. After a QCM substrate is appro-
priately coated, adsorption and desorption of molecules can be
easily monitored by recording the change in the oscillation
frequency of the substrate; the sensitivity is usually in the
nanogram range and thus adapted to thin films.111 Biemmi
et al.21 performed the first detailed study of water sorption in
an HKUST-1 film grown directly on SAM-modified gold QCM
electrodes. To grow the film, SAM-modified QCM substrates
were immersed in an HKUST-1 mother solution at room
temperature (see section 2.2.1.2 for details) to form an opaque

Figure 25. (Top) QCM devices after growth of [Cu3(BTC)2(H2O)3 3
xH2O]: opaque layer on the SAM-modified gold electrode (left); reference
chip without SAM on the gold surface (right). (Bottom) Water sorption
isotherm of a thin film of [Cu3(BTC)2] recorded at 294 K with the QCM
setup. Reprinted with permission from ref 21. Copyright 2008 Elsevier.
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layer, as shown in the top of Figure 25. The substrates were then
installed in the QCM setup and exposed to different concentra-
tions of water vapor. The weight of the water adsorbed into the
film was detected as a frequency shift, which was translated into a
mass uptake using the Sauerbrey equation104 and related to the
mass of the empty film. Complete water sorption isotherms were
thus recorded (Figure 25, bottom). Interestingly, the amount of
water adsorbed at p/p0 = 0.8 was approximately 16 mmol g�1,
i.e., identical to the amount of water contained in a bulk HKUST-
1 sample exposed to an atmosphere of 80% relative humidity at
the same temperature, as measured by thermogravimetric anal-
ysis (TGA). The water sorption isotherms obtained by the
QCM-based method are thus consistent with bulk results.
Because water sorption is of general interest in the field of

humidity sensing, several other groups have testedMOFs for this
purpose. For example, Ameloot et al.23 synthesized HKUST-1
coatings by electrochemical deposition directly on top of QCM
substrates and studied the response toward gas flows of increas-
ing relative humidity. Water uptake of the film was measured is a
manner similar to the previously described case. In addition, the
authors observed a high reproducibility of the signal upon
sequentially cycling dry and water-containing nitrogen flows.
4.2.2. Stress-Induced Chemical Detection. Allendorf

et al.28 also chose HKUST-1 as a test MOF for a microcanti-
lever-based sensor system. Indeed, upon inclusion of molecules
in the pores, the lattice parameters of the MOF may expand or
shrink as a consequence of the attractive or repulsive interactions
between the host molecules and the guest framework. This
creates mechanical stress at the interface between the MOF film
and its substrate, which that can be detected if the substrate is a
microcantilever because the mechanical stress induces its bend-
ing. This approach allowed the authors to fabricate a responsive,
reversible, and selective sensor for water (see Figure 26), metha-
nol, and ethanol vapors, whereas N2 or O2 triggered no answer.
HKUST-1 films on microcantilevers were fabricated using either
liquid-phase stepwise deposition or direct growth in a mother
solution at room temperature (after Biemmi et al.20). Prior to
both methods, the microcantilevers were first coated with gold
and functionalized with a SAM.

4.2.3. Devices Based on Optical Properties. Variations of
optical properties (color, refractive index) are commonly used in
the sensing field. Lu and Hupp49 recently demonstrated that the
apparent color of a MOF film may be determined by its
interference properties. The authors grew micrometer-thick
homogeneous ZIF-8 films on a silicon substrate by repeatedly
immersing the substrate in a freshly prepared mother solution
(see section 2.2.1.3 for details). The films are colorless, but when
they are applied on a colored substrate, they display different
colors as a result of thickness-dependent constructive and
destructive interferences within the film, as shown in Figure 27.
This effect can be precisely quantified byUV�vis spectrawhen the
films are deposited on glass substrates. Fabry�P�erot fringes
appear, and their maxima are shifted when an analyte diffuses into
the films and undergoes a change in its optical constant. A detailed
study was performed with a 1 μm thick film and propane as the
analyte. A nearly linear peak shift occurred when the propane
concentration was increased (see Figure 27).
When fabricating MOF films by the assembly of preformed

colloids (see section 2.2.4), the packing degree is able to
influence the overall refractive index. This index is also influenced
by the swelling/contracting of the film (in cases where a flexible
MOF has been used) or by the solvent filling the pores. MOF

Figure 27. (Top) Photograph of a series of ZIF-8 films of various
thicknesses grown on silicon substrates. (Bottom) (A) UV�vis transmis-
sion spectra of a 10-cycle ZIF-8 film grown on a glass substrate after
exposure to vapors of ethanol and water. (B) Interference peak (originally
at 612 nm) shift versus ethanol concentration in ethanol/water solutions.
The concentration is expressed as a volume percentage. Reprinted with
permission from ref 49. Copyright 2010 American Chemical Society.

Figure 28. SEM images of (a) a triangular Ag nanoparticle array
fabricated by nanosphere lithography on a glass coverslip and (b) a Ag
nanoparticle array coated with 20 cycles of polycrystalline HKUST-1
film. Reprinted with permission from ref 29. Copyright 2010 American
Chemical Society.

Figure 26. Temporal response of the cantilever piezoresistive sensor to
water vapor diluted in N2 (room temperature, 1 atm). Reprinted with
permission from ref 28. Copyright 2008 American Chemical Society.
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films were studied using environmental ellipsometry;112 with this
technique, the optical index and thickness of the film can be
monitored in situ in a controlled atmosphere containing gas or
vapors at a chosen concentration. ZIF-8 was chosen for the test
experiments because it exhibits a high affinity for organic solvents
over water. Mixtures of isopropanol and water were subsequently
fed to the sample, and a significant level of adsorption (and thus a
change in refractive index) was recorded from a 1% solution of
isopropanol in water.50

Fluorescence quenching has also been demonstrated89 with the
MOF [Zn3(btc)2]. When immersed in a diethylamine solution,
the fluorescence intensity of the MOF decreases but not linearly
with increasing analyte concentration. Other analytes, such as
methanol, acetone, or aniline, trigger no response. However, to be
applicable as thin films, strong fluorescence emitters are required,
which makes this mechanism less interesting than others.
In most works, the MOF has been used as a sensor in itself,

both adsorbing the analyte and providing a detectable response.
In an interesting contribution, Kreno et al.29 have shown how a
MOF can be coupled with an already existing, nonselective
sensor device to improve its selectivity. Here, the response is
provided by silver nanoparticles. Very small changes in the
refractive index of bulk silver can be detected using localized
surface plasmon resonance (LSPR). Such changes may be caused
by the accumulation of certain gaseous molecules around the
nanoparticles. By selectively storing one type of gas molecule, a
MOF coating around the nanoparticle can greatly enhance the
signal. On their array of Ag nanoparticles, the authors grew a

coating of HKUST-1 by liquid-phase epitaxy (see Figure 28).
The nanoparticles were first functionalized with a COOH-
terminated thiol-based SAM.
Because HKUST-1 is able to adsorb large amounts of CO2,

this gas was chosen as the analyte. The influence of the coating
thickness was investigated, and 37 cycles of deposition was found
to be optimal. X-ray diffraction confirmed the crystallinity of the
MOF thin film, and a 14-fold enhancement of the sensing signal
was observed. The signal could be successfully calibrated with
respect to the concentration of CO2 into a N2 flow. The
significant advantage of this method is its versatility: it is not
specific to a single MOF or to a single analyte; different sensing
devices for different gases could easily be built using other MOFs
that are selective to other analytes.
4.2.4. Other Mechanisms. Liu et al.36 recently demonstrated

the possibility for MOF films to be used as capacitive humidity
sensors. The same group first realized a HKUST-1 membrane
supported on a copper net (section 2.2.1.1 and Figure 3); in their
study, they used a copper slice as the substrate (and electrode) and
deposited circular aluminum electrodes on top of the film by
evaporation under vacuum with a mask. The capacitance of the

Table 2. Selected Examples of MOFs for Sensing Applicationsa

MOF formula analytes mechanism detection refs

[Zn2(bdc)2(dpNDI)] mono- and disubstituted

aromatics

NDI�guest interactions shift in emission wavelength 113

[Zn2(bpdc)2(bpee)] explosives (DNT, DMNB) quenching of linker fluorescence luminescence quenching 114

[Ln2(HFIPBB)3] ethanol coordination to Ln3+ luminescence quenching 115

Zn-1,2,4,5-ben- zenetetracarboxylate

doped with Eu3+ or Tb3+
Cu2+, Co2+ replacement of Ln3+ quenching of lanthanide

luminescence

116

Zn4O(SDC)3 high energy protons and

alpha particles

linker luminescence light emission 117

FeBTC ethanol, methanol, water interactions with framework impedance sensor 118

[Fe(pz)Ni(CN)4] acetonitrile adsorption in framework color change

(spin state change)

119

[Cu3(PTMTC)2] ethanol, methanol adsorption in framework change in magnetic response 120
adpNDI = N,N0-di(4-pyridyl)-1,4,5,8-naphthalenediimide, bpdc = 4,40-biphenyldicarboxylate, bpee = 1,2-bipyridylethene, HFIPBB = 4,40-(hexafluoro-
isopropylidene)-bis(benzoic acid), SDC = stilbene dicarboxylate, PTMTC = polychlorinated triphenylmethyltricarboxylate.

Figure 29. (a) Top view and (b) cross-section SEM images of the ZIF-90
membrane supported on the APTES-modified Al2O3 support. Reprinted
with permission from ref 62. Copyright 2010 American Chemical Society.

Figure 30. Single-gas permeances of different gases on the ZIF-90
membrane at 200 �C as a function of their kinetic diameter. The
pentacles show the permeances of H2 and CH4 from an equimolar
binary mixture. Reprinted with permission from ref 62. Copyright 2010
American Chemical Society.
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film was measured under various relative humidity conditions, and
a linear response ofΔCwas observed upon variation of the relative
humidity. Furthermore, the measurements exhibited good repro-
ducibility and good stability over time.
A number of other transduction mechanisms have been

considered for sensing with MOFs, although they have not been

applied to films. Table 2 presents a few examples of MOFs that
are representative of various analyte�framework interactions
along with the detection mechanisms for which proofs of
principle have been established. A method of processing such
MOFs as thin films would be of great interest for the develop-
ment of MOF-based sensing devices.

4.3. Separation
4.3.1. Membrane-Based Separation. Chemical separation

inMOFs is based on two concepts: adsorption-basedmethods and
kinetic separation. In the first case, bulk MOFs are used as
adsorbents to store certain molecules.121 Kinetic separation can
be achieved by packed beds or, more conveniently, by use of

Figure 31. Setup for the automated preparation of MOF-coated fused-
silica GC capillaries. Computer-controlled syringe pumps for application of
the precursor, linker, and rinsing solution are denoted by A, B, and C,
respectively. The three-way (1�5) valves allow the refill of the syringes,
flushing of the capillarieswith argon, and evacuation of thewhole apparatus.
Adapted with permission from ref 47. Copyright 2011 Wiley-VCH.

Figure 32. (a) Comparison of two chromatograms of natural gas (Freiberg, Germany, April 2010) obtained from the MOF-5-coated column (brown
line) of Figure 2 and a Al2O3-based, Na2SO4 deactivated commercial PLOT column (Agilent HP-PLOT “S”) (orange) optimized with respect to full
basis separation and shortest retention time. (b) Chromatogram of a sample containing a mixture of natural gas and commercially available butane gas.47

Reprinted with permission from ref 47. Copyright 2011 Wiley-VCH.

Figure 33. Optical images (digital photographs) of an empty 5 μm
thick MOF-5 thin film on sapphire substrates before (left) and after
(middle) their exposure to the vapor of the deep-redMOCVDprecursor
[(η5-C5H5)Pd(η

3-C3H5)]. Subsequent treatment of the loaded film
with UV light converts [(η5-C5H5)Pd(η

3-C3H5)]@MOF-5 into
Pd@MOF-5, which is visible by the color change to deep black
(right). Reprinted with permission from ref 43. Copyright 2007
American Chemical Society.
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MOFs in membranes. Two categories of membranes can be
distinguished: hybrid membranes and pure MOF membranes.
Hybridmembranes are heterogeneousmembranes inwhich a filler
(in this instance, MOF powder or crystals) is embedded into a
polymer matrix to improve the selectivity and/or permeability of
pure polymeric membranes. These membranes will not be dis-
cussed here; details can be found elsewhere.121,122Wewill focus on
pureMOFmembranes, which consist of a dense, activeMOF layer
grown on a porous substrate, typically alumina or titania.
The first example of a dense and well-intergrown MOF

membrane was reported by Liu et al.46 The authors chose
MOF-5 and prepared it as a layer on top of porous alumina by
direct synthesis under solvothermal conditions. However, the
performance of the membrane was notably poor; diffusion of the
gases followed Knudsen diffusion, i.e., diffusion was proportional
to the square root of the molar mass of the gas molecules. Such a
behavior has also been observed for membranes with pinholes
and microcracks that are not easy to detect by other methods,
such as SEM. Nevertheless, the large size of MOF-5 pores
(approximately 11 Å) renders a separation based on size criteria
at room temperature impossible (the largest gas molecules have a
kinetic diameter of approximately 5.5 Å).
Guo et al.22 prepared a 60 μm thick membrane using copper

net as a support. The MOF, HKUST-1, also contains large pores
(9 Å � 9 Å) but exhibits a high selectivity for H2 relative to N2,
CH4, and CO2, together with high permeation fluxes. The
authors suggested that H2 is much smaller than the other
molecules, is not adsorbed into the network, and thus diffuses
faster. Surprisingly, membranes featuring the same MOF but
supported on alumina ceramic showed no selectivity for H2.

31,38

Hu et al.80 reported the first example of liquid separation with
MIL-53 membranes. The large pores of MIL-53 (7.3 Å� 7.7 Å)
prevent any gas separation above the Knudsen factor but could
be useful for dehydration of water�solvent mixtures by perva-
poration. A very good selectivity for water was observed when
water�ethyl acetate mixtures were passed through the mem-
branes at 60 �C: the feed contained only 7% water, whereas the
permeate contained 99%. In addition, the membrane exhibited
good stability after 200 h of operation.

These few examples show that the choice of a MOF for
membrane applications is of high importance. For instance,
permeances in 1D pore systems may be greatly reduced by
misoriented grains (from the seed layer or from the film itself)
and intergrain boundaries.82 Therefore, 3D pore systems should
be preferred over 1D or 2D systems. In addition, the pore size
should be taken into account. Indeed, molecular sieving is a
straightforward and efficient way to probe the quality of a
membrane, although it is not applicable for large-pore MOFs.
Thus, Knudsen separation factors may be observed even for high-
quality membranes that feature large pores and no specific
interactions with gas molecules. Measurement of the permeances
with increasing applied pressure can nevertheless suggest an
absence of macroscopic defects if the values of the permeances
remain constant.45,46,80 In addition to the proper choice ofMOFs
with an adapted pore size, other approaches, such as pore
functionalization, can also be used to introduce selectivity.
Modification of only the external surface of a film by postsyn-
thetic functionalization to reduce the accessible diameter of the
pores is possible, as is postsynthetic modification of the whole
framework and introduction of selective groups. Use of func-
tional linkers is an additional possibility to induce selectivity and/
or reduce the size of the pores. To the best of our knowledge,
only the last two approaches have been reported.63,71

Several examples of MOF membranes for molecular-sieving
membranes have been reported by Caro and co-workers. These
membranes are based on the use of MOFs with small pores that
form a 3D network. These MOFs belong to the zeolitic imida-
zolate framework (ZIF) family. ZIFs consist of transition metals
(Zn, Co) and imidazolate linkers that form 3D tetrahedral
frameworks and frequently resemble zeolite topologies. Some
of them have exceptional thermal and chemical stabilities. ZIF-7,
ZIF-8, ZIF-22, and ZIF-90 have been successfully applied as films
on porous alumina and titania substrates.51,57,58,60,62 The layers were
grown in solvothermal solutions, often after substrate treatment
or seeding to obtain dense and well-intergrown MOF films (see
Figure 29). The films typically exhibit a thickness of 10�30 μm.
In this section, we will discuss in greater detail the membrane

featuring ZIF-90.62 ZIF-90 is built from Zn2+ ions and uses
imidazolate-2-carboxyaldehyde (ICA) as the linker. It exhibits
high thermal stability and a pore opening of approximately 3.5 Å.
Therefore, a ZIF-90 membrane is expected to be able to separate
hydrogen (kinetic diameter of approximately 2.9 Å) from
larger gas molecules, such as CH4. Prior to the permeation
measurements, the membrane required an activation step to
remove the solvent molecules that occluded during synthesis.
This step was performed in situ in the permeation cell by
supplying an equimolar mixture of H2 and CH4 while increasing
the temperature. Interestingly, the permeance of H2 increased up
to a maximum value at 200 �C, whereas the permeance of CH4

remained nearly constant. This corresponds to the molecular
sieving effect: the methane molecules are too large. A separation
factor of 15.2 was achieved for a H2/CH4 mixture at 200 �C (see
Figure 30). The small permeance observed for large molecules

Figure 34. SEM data of an HKUST-1@PAM_1.0 composite prepared
under solvothermal conditions. (a) SEM of a single-composite bead;
scale 1 mm. Cross section of a bead interior at a scale of (b) 100 and (c)
10 mm. Reprinted with permission from ref 39. Copyright 2010 The
Royal Society of Chemistry.

Scheme 1. Reaction Conditions for Oxidation of Tetralin
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that are not expected to fit into the pores was attributed to the
lattice flexibility of theMOF. The ZIF-90membrane can separate
H2 from H2/CH4 mixtures at temperatures between 25 and
225 �C; the selectivity factor increases from 7 to 16.4 with
increasing temperature. Interestingly, the membrane perfor-
mances were stable even when water vapor was mixed into the
feed stream, which means that the membrane exhibits high
hydrothermal stability and is applicable for H2 separation/
purification at high temperature.
A further improvement of themembrane separation power has

been achieved by covalent postfunctionalization.63 Indeed, be-
cause the linker of ZIF-90 bears aldehyde groups, reactions such
as imine condensation with amines are possible. The authors
used ethanolamine to test the concept. An as-synthesized
membrane was refluxed with ethanolamine in a methanol solu-
tion at 60 �C. X-ray diffraction indicated no changes in the
crystallinity of the membrane. The covalent postsynthetic func-
tionalization is thought to have two effects: a slight reduction of
the size of the pores and a reduction of the diffusion through
intercrystalline defects. As a result, the H2/CO2 selectivity at
room temperature increased from 7.2 to 15.7.
As previously discussed, use of functional linkers is another

way to introduce gas selectivity in a MOF membrane. We
recently prepared membranes by the stepwise deposition of
reactants with either [Cu2(ndc)2(dabco)] or [Cu2(BME-bdc)2-
(dabco)].71 [Cu2(ndc)2(dabco)] is a large-pore MOF in which
no specific interactions occur between the framework and
gaseous molecules. As a result, Knudsen separation factors were

obtained. BME-bdc consists of a benzene ring with two long
ether side groups (�O(CH2)2OCH3) and is known to induce
selectivity toward CO2 in the isoreticular [Zn2(BME-bdc)2-
(dabco)].123 The membrane featuring [Cu2(BME-bdc)2-
(dabco)] also displayed selectivity toward CO2, particularly
when compared to CH4. Equimolar mixtures of CO2/CH4 were
separated with a selectivity factor of 4.5, which is well above the
corresponding Knudsen coefficient (0.6). Because of the dy-
namic behavior of the ether side groups, it is not possible to
evaluate the size of the pores from the crystal structure,
although we can approximate their size as between 3.5 and
4 Å. Therefore, the separation cannot be attributed solely to
molecular sieving but rather to preferential interactions be-
tween CO2 and the framework.
4.3.2. Separation by Chromatography. The large diver-

sity in the structures and pore sizes, adsorption affinities, and
selective penetrations makes MOFs attractive as chromato-
graphic separation media. A few groups have already reported
the separation of xylenes124 as well as branched and linear
alkanes125 using chromatography columns filled with MIL-
101(Cr) and ZIF-8, respectively. However, it would be inter-
esting to directly grow the MOF as a film from the inner surface
of the column, particularly in a capillary being used in gas
chromatography. The most widely adapted method for that
purpose appears to be stepwise deposition, because the con-
centration of reactants along the capillary as well as from cycle
to cycle remains constant; the surface can thus be uniformly
saturated with either the metal or the linker at each step.

Figure 35. (a) Tetralin conversion versus time. (b) Tetralone yieldwith time.Comparisonof the performance ofMIL-101(Cr) in powder form(O) and coated
onmonolith (b) and of themonolith support itself (9). Blank experiment without catalyst (0). Reaction conditions: 8mmol of tetralin, 16mmol of t-BuOOH,
5mLof chlorobenzene,T= 353K,mcat = 50mg. (c) Optical photograph of a coatedmonolith. Reprintedwith permission from ref 88. Copyright 2011 Elsevier.
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A demonstration of this concept was recently reported by
Mertens and co-workers,47 who coated a narrow gas-chromato-
graphic fused-silica capillary (length 10 m, clear diameter
0.53 mm). They first functionalized the inner surface with a
SAM prepared from HOOC(CH2)9SiCl3 and then grew MOF-5
on it by alternately using basic zinc acetate in DMF as the
precursor and terephthalic acid in DMF as the linker solution.
These components were alternately pumped through the capillary
at room temperature via an automated apparatus (see Figure 31).
Excess solvent was removed by a stream of argon instead of by
rinsing with the solvent. This coating procedure was inspired by
the controlled SBU approach for IRMOFs.95 As expected, the
grown MOF material uniformly covered the capillary across its
entire length. The 80 cycles led to a coating thickness of
approximately 1 μm. This significantly large thickness is at least
partly explained by the surface storage effect, i.e., insufficient
desolvation of the already formed MOF material.
The MOF-5-coated column was tested and compared to a

commercial PLOT column for analysis of natural gas. In both
columns, the main components of natural gas (C1�C4
alkanes) were clearly separated. However, the MOF-coated
column separated the components faster with otherwise com-
parable performances (see Figure 32). To further test the
possibility of such a GC capillary, additional components
(from commercial butane gas) were added to the feed. Thus,
a total of nine components had to be separated. The results
plotted in Figure 32b clearly show a good separation with the
signal returning to baseline between two neighboring peaks.
Such good results obtained at the start of the development of
MOF-based columns, without any optimization of the MOF
toward this specific separation problem, are promising for
development of future applications.

4.4. Catalysis
Adaptation of MOFs as heterogeneous catalysts is highly desir-

able, and numerous studies have shown that activity and selectivity
can be obtained for a large number of reactions.126 However,
examples of MOF coatings used in catalysis are very rare.

Early studies on MOF-5 polycrystalline films showed that it is
possible to load the pores of a film with an organometallic
precursor, e.g., [(η5-C5H5)Pd(η

3-C3H5)], by gas-phase loading
after preliminary activation.42,43 The film turned deep red upon
loading with the red compound. Subsequent reduction of the
precursor byH2 or photolysis byUV light led to palladium particles
embedded into the film, as shown by its black color (see Figure 33).
X-ray analysis showed that the framework was still intact and that
1.4 nm Pd particles are formed. The loading of MOF-5 with Pd
particles was studied in detail on bulk samples, which proved to be
moderately active catalysts for hydrogenation of cyclooctene.127

Processed as thin films, such metal@MOF materials could open
pathways to catalytically active electrodes or sensors.

For applications in catalytic reactors, however, it is advanta-
geous to shape the MOF on macroscopic supports, such as
monoliths. A few pioneering works report the fabrication of
composites MOF@macroporous supports. Schwab et al.40 have
grown HKUST-1 crystals inside the macropores of polymeric
foam supports called polyHIPES by three successive steps of
growth in a mother solution. A maximum loading of 62.3% was
obtained, but the density of the incorporated crystals was none-
theless low. O’Neill et al.39 prepared HKUST-1 composites beads
where the beads consisted ofmacroporous polyacrylamide (PAM)
or silica-PAM (see Figure 34). Direct synthesis under solvother-
mal conditions or in an agedmother solution at room temperature
were used; however, in the latter case, MOF growth occurred only
if the beads had been previously immersed in copper acetate
aqueous solutions. This effect was attributed to the low and ill-
controlled number of functional groups at the surface. Control of
the density of the MOF crystals, and thus the total BET surface
area of the composites, could be achieved by simply tuning the
concentration of reactants during solvothermal synthesis.

The first example of catalysis with MOF films has recently
been reported by Ramos-Fernandez et al.88 They used cylind-
rical cordierite monolithic substrates and coated them with
MIL-101 (Cr) using a seeded growth process: the monoliths
were immersed in a NaOH solution and then in a mixture of
α-alumina and MIL-101 (Cr) particles (respective sizes of 100
and 150 nm) and calcined at 400 �C. This procedure simulates
application of a washcoat, which greatly improves the surface
area of the monolith. The seeded monoliths were then sub-
jected to a secondary growth step in a rotating autoclave, and
homogeneous coatings were obtained. The coated monoliths
were subsequently used as catalysts for oxidation of tetralin at
353 K (see Scheme 1).

The results are summarized in Figure 35. For purposes of
comparison, MIL-101(Cr) was used as a powder in a slurry
reactor, an alumina coated monolith was also tested, and a blank
reaction without solid was performed. The results indeed showed
a catalytic effect of MIL-101 (Cr). Interestingly, the coated
monolith performed slightly better than did the slurry reactor.
Activity and selectivity were mostly retained for five runs after
regeneration, whereas in the case of the slurry reactor 20% of the
powder was lost during filtration of the reactive mixture.

Aguado et al.65 coated α- and γ-alumina beads with a MOF
belonging to the ZIF family, SIM-1, by direct synthesis in
solvothermal solution at 85 �C for 48 h. In both cases, loading

Figure 36. SIM-1 supported on γ- (1) and α-alumina beads (2). (a)
SEM image of the bead; view of the cross-section. (b) SEM image and
(c) EDXS mapping of the core (1) or surface (2). Color code: blue, Zn;
green, Al. Reprinted with permission from ref 65. Copyright 2010 The
Royal Society of Chemistry.
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was estimated at 10% and the presence of the MOF was
confirmed by XRD and EDXS (see Figure 36). To explain the
high affinity of the MOF for the substrate, the authors performed
IR spectroscopy and found ester bonds, which suggests that the
aldehyde groups of the linker were bound to Al�OH surface
groups. To test the catalytic activity of the beads, reduction of
acetophenone to phenylethanol by transfer hydrogenation was
performed in isopropanol. The supported MOF exhibited an
activity similar to that of the MOF alone; it also exhibited good
reusability and was easily recovered.

5. CONCLUSION

The field of metal�organic framework films bears a huge
potential for both fundamental understanding and practical appli-
cations. As a consequence, the field has been increasingly growing
over the past few years and a huge number of contributions have
come out since the first review was published.15 Many new
fabrication concepts have emerged; clear improvements have been
made in the control of key parameters, such as microstructure and
orientation. Understanding the growth mechanisms for SUR-
MOFs, as well as for polycrystalline films, is steadily increasing.

New ideas and concepts for films often come from the bulkMOF
community. Indeed, in-depth studies of new properties, as well as
fine structure tuning, are easier to perform on powders or single
crystals before being transferred to films. MOF-on-MOF hetero-
structures, postfunctionalization, loading, and catalysis are typical
examples. Nevertheless,many concepts have not yet been applied to
thin films despite undeniable interest in such applications. This
category includes luminescent films (only one mechanism among
those possible (see section 4.2.3) has been described), magnetic
films, redox-active films, and proton- or electron-conducting films.
Membranes that comprise proton-conducting MOF materials
could, for example, be used in polymer electrolyte membrane-type
fuel cells at elevated temperature (150 �C), whereas conventional
fuel cells are limited by the water-dependent proton conduction in
the polymer electrolyte.128,129 Electrically conductive porous films
would have numerous applications as electrodes. Redox-active films
could be used as sensors or catalysts. Luminescent ormagnetic films
could also be used as sensors. Applied to SURMOF, the concept of
multivariate MOFs recently introduced by Yaghi and co-workers6

may lead to totally new properties, especially when combined with
MOF-on-MOF-type architectures.

The MOF thin-film field, however, can also provide valuable
input to the broader MOF community. The SBU-controlled
approach is supported by evidence from SURMOF liquid-phase
epitaxial deposition: HKUST-1 can grow only when Cu(OAc)2 is
used as the precursor. Insights on the nucleation mechanisms have
been obtained from an in-situ AFM study during liquid-phase
epitaxy. Diffusivity values were easily measured. New MOF struc-
tures, either noninterpenetrated versions of already existing MOFs
or completely new ones, have been obtained. Certain application
concepts, such as fabrication of composite membranes or porous
multilayer assemblies (e.g., Bragg stacks), are possible only when
MOFs are processed as thin films. Thus far, only membrane
fabrication has been investigated; the optical properties of well-
defined multilayered MOF thin films remain largely unexplored.

As indicated by perusing the body of literature dealing with
applications of MOF films, mostly proofs of principle have been
achieved. Truly functional devices or catalysts will certainly
require several years or more to be developed. New problems
will be faced, such as the scale-up and automation of deposition

procedures. These procedures will certainly need to be modified;
to date, electrochemical processes and stepwise deposition of
reactants appear to be the most promising approaches. It also
appears that only a small number of potential applications have
been demonstrated among the large number of those that are
possible. With this review, we hope to inspire the reader with new
ideas and to stimulate the emergence of new concepts and
applications in the field of MOF thin films.
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LIST OF ACRONYMS
AFM: atomic force microscopy
bdc: 1,4-benzene dicarboxylate
4,40-bipy: 4,40-bipyridine
BME-bdc: 2,5-bis(2-methoxyethoxy)-1,4-benzene dicarboxylate
btc: benzene-1,3,5-tricarboxylate
CSA: controlled SBU approach
dabco: 1,4-diazabicyclo(2.2.2)octane
DEF: N,N-diethylformamide
DMF: N,N-dimethylformamide
F4bdc: tetrafluoro-1,4-benzene dicarboxylate
GC: gas chromatography
H2hfipbb: 4,40-(hexafluoroisopropylidene)-bis(benzoic acid)
HKUST: Hong-Kong University of Science and Technology
MIL: Material of Institut Lavoisier
MOF: metal�organic framework
NAFS: nanofilm on a solid surface
ndc: 1,4-naphtalene dicarboxylate
pyz: pyrazine
pzdc: pyrazine-2,3-dicarboxylate
QCM: quartz crystal microbalance
SBU: secondary building unit
SAM: self-assembled monolayer
SEM: scanning electron microscopy
TGA: thermogravimetric analysis
XPS: X-ray photoelectron spectroscopy
XRD: X-ray diffraction
ZIF: zeolitic imidazolate framework
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