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We illustrate the potential of advanced transmission electron microscopy for the characterization of a
new class of soft porous materials: metal@Zn4O(bdc)3 (metal@MOF-5; bdc ) 1,4-benzenedicarboxylate).
By combining several electron microscopy techniques (transmission electron microscopy (TEM), high-
resolution transmission electron microscopy (HRTEM), electron diffraction (ED), high-angle annular
dark-field scanning transmission electron microscopy (HAADF-STEM), and electron tomography) and
by carefully reducing the electron dose to avoid beam damage, it is possible to simultaneously characterize
the MOF-5 framework material and the loaded metal nanoparticles. We also demonstrate that electron
tomography can be used to accurately determine the position and distribution of the particles within the
MOF-5 framework. To demonstrate the implementation of these microscopy techniques and what kind
of results can be expected, measurements on gas-phase-loaded metal-organic framework materials
Ru@MOF-5 and Pd@MOF-5 are presented.

Introduction

In recent years, metal-organic frameworks (MOFs) and
other so-called soft materials have received much attention
due to their high specific surface area and pore volume.1-3

This new class of materials shows high promise in gas
storage and separation applications as well as in catalysis,
gas-sensing, and photovoltaics.4-7 An important material
within this group is Zn4O(bdc)3 (MOF-5; bdc ) 1,4-ben-
zenedicarboxylate), a highly porous material consisting of
{Zn4O} building blocks linked together by terephtalate
bridges to form a cubic network.4 In the past, MOF-5 crystals
have been loaded with catalytically active material such as
palladium, gold, copper, and ruthenium leading to an
increased catalytic activity in olefin hydrogenolysis and
methanol synthesis.8,9 Recently, these metal@MOF-5 ma-
terials have been produced by gas-phase loading of metal-

carrying precursors into the MOF-5 framework.10 This
loading procedure is known to yield a MOF-5 framework
loaded with catalytically active nanoparticles in the range
of 1-3 nm.10 To be able to fine-tune the loading procedure,
a full characterization of these metal@MOF-5 materials is
needed, preferably by one or few techniques. Local knowl-
edge of the state of the MOF-5 framework after loading is
needed, as materials like MOF-5 are known to be chemically
labile and the loading procedure may affect the framework
structure. Along with the state of the MOF-5 framework,
information about the size, chemical composition, structure,
and distribution of the nanoparticles within the MOF-5
framework is crucial for the design of these materials.

In the present contribution we show that, by minimizing
the electron dose to avoid beam damage,11,12 advanced
transmission electron microscopy (TEM) is well-suited to
characterize metal@MOF-5 materials on a local scale, as
previously demonstrated for other soft porous materials.11,12

As not all chemical, structural, and spatial information can
be provided by one electron microscopy technique; a
combination of techniques will be used. Unlike X-ray
diffraction (XRD), bright-field TEM and electron diffraction
(ED) can provide local structural information on the MOF-5
crystals. High-resolution TEM (HRTEM) can directly image
the metal particles within the frameworks. Chemical infor-
mation can be given by high-angle annular dark-field
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