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Review

A review of fine structures of nanoporous materials as
evidenced by microscopic methods
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Abstract

This paper reviews diverse capabilities offered by modern electron microscopy techniques in studying ﬁne structures of nanoporous crystals such
as zeolites, silica mesoporous crystals, metal organic frameworks and
yolk-shell materials. For the case of silica mesoporous crystals, new
approaches that have been developed recently to determine the threedimensionally periodic average structure, e.g., through self-consistent analysis of electron microscope images or through consideration of accidental
extinctions, are presented. Various structural deviations in nanoporous
materials from their average structures including intergrowth, surface termination, incommensurate modulation, quasicrystal and defects are
demonstrated. Ibidem observations of the scanning electron microscope
and atomic force microscope give information about the zeolite-crystalgrowth mechanism, and an energy for unstitching a building-unit from a
crystal surface is directly observed by an anatomic force microscope. It is
argued how these observations lead to a deeper understanding of the
materials.
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Introduction
Many efforts have been made to synthesize new
nanoporous materials in order to explore novel

properties and functions. Their properties and functions are primarily governed by the periodic arrangement of material within the bulk of the crystal, but
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(XRD) is routinely used in solving the structures
of unknown nanocrystalline materials. Powder XRD
provides preciseness in intensity measurements
but signiﬁcant overlap of reﬂections even in highresolution data using synchrotron X-ray sources.
Nanocrystals with large unit-cell size and low symmetry exacerbate this problem. The interaction of
electrons with atoms is 103  104 times stronger
than that of X-rays, which thereby make it possible
to obtain enough diffraction or imaging information
from nanomaterials.
As well as being electrical insulators, many nanoporous materials are known to be electron beam
sensitive [1]. The extent and type of damage (e.g.
ionization, displacement) is dependent upon the
bonding nature of the material. A more systematic
study is required to overcome this problem.
Accumulated knowledge of radiation-damage in
organic or biological science [2] and in physical
science [3,4] will help the study. Despite this weakness, the high-resolving power of electrons makes
them very useful for the microscopist.
Electron diffraction (ED) patterns, high resolution transmission electron microscopy (HRTEM)
and scanning electron microscopy (SEM) images
can give invaluable structural information about not
only average periodic structure, but also structural
defects and surface selective information that
cannot be obtainable by other techniques. If
pore-openings of nanoporous materials are blocked,
i.e. a surface barrier (See the work of J Körger et al.
[5]), the barrier may be observed by SEM but neither
by TEM nor scanning TEM (STEM). Conversely, the
existence of pores beneath the barrier can be
observed by TEM and STEM but not by SEM.
Quantitative lateral and vertical information on
surface topography, along with frictional and chemical information, can be accurately obtained by
atomic force microscopy (AFM) [6]. Meanwhile,
nuclear magnetic resonance (NMR) can be useful in
deriving local structural information [7].
The task of the microscopist here is to develop
appropriate methodologies for the structural characterization of the above material for a better
understanding of their functions and properties.
Special attention is placed on the crystal defect,
since it is a letter from nature for understanding the
crystal growth mechanism.
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surface and defect ﬁne structures of crystalline
materials also play important roles.
Porous materials are classiﬁed by IUPAC based
on their pore diameter, d. Microporous for d < 20 Å,
mesoporous for 20 Å < d < 500 Å, and macroporousfor d > 500 Å.
Four typical nanoporous materials described in
this review are as follows:
Zeolites: Microporous zeolites are the most typical
crystalline nanoporous crystals. They are composed
of aluminosilicate with Mx/m[AlxSi1−xO2]nH2O, where
M is a cation of valence m. Their frameworks are
built from TO4 tetrahedra (T stands for Si, Al, P, G,
Ge, etc.) to produce spaces (channels or cavities)
within crystals by corner sharing of O of TO4. More
than 200 different types of framework structures
have been approved by the structure commission of
international zeolite association (IZA), and the
number is still increasing.
Silica mesoporous crystals (SMCs): Self-assembled
surfactant or block copolymer micelles are used as
templates for subsequent and/or simultaneous condensation of inorganic precursors soluble in water.
Depending upon conditions and reagents, structures
of SMCs changes from cage-type, 2D-cylindrical,
bicontinuous cubic or tricontinuous hexagonal and
lamellar by increase of the packing parameter from 1/
3 to 1.
Metal organic frameworks (MOFs): MOFs (including ZIFs and MOFs) are composed of two
major building blocks: metal ion clusters, and
organic linker molecules that connect via a coordination bond, forming 1D-, 2D-, or 3D periodic networks, frequently forming micro- or mesopores
within the frameworks. One may potentially exploit
the use of discrete molecular units in the assembly
of extended networks with a design. It is of particular importance to observe defects in MOFs for the
validity and enhancement of this concept.
Yolk-shell materials (core-shell systems): Catalytically active metal nanoparticles, such as Au, Pt, Ru
and Pd, are encapsulated in hollow spheres formed
by metal oxide nanocrystals or carbon. Nanoparticles
are prevented from agglomeration at high temperature and hollow spheres are to some extent porous.
Most nanoporous materials are synthesized only
in powder form. Often the yield is small and not
completely crystalline. Powder X-ray diffraction
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This review article provides an overview, with
examples of materials and methodologies, ﬁrstly of
average structures and then of structural deviations
from perfect inﬁnite crystal, such as defects, incommensurate structures, and a special type of incommensurate structure called quasicrystals, before
reviewing crystal surfaces (the interface between a
crystal and vacuum due to ﬁnite size).

Kinematical approach

Elastic scattering of incident electrons (charge –e,
mass m, accelerating voltage E plane wave along z
axis) with an atom (atomic number Z) can be
described by the Schrödinger equation for static
state as an electron wave function ðwðrÞÞ scattered
by an electrostatic potential (Vatom(r)). Using the
wave number k ¼ 2p=l and the corresponding
wave number vector k:
DwðrÞ þ 2ks½E þ Vatom ðrÞwðrÞ ¼ 0

ð1Þ

where interaction constant σ and A are deﬁned by
s ; 2pmel=h2 ; Al. Using deﬁnitions that incident
plane wave and scattered spherical outward wave
have wave vectors k0, k, ðk ¼ jkf0g j ¼ kjÞ and
scattering
wave
vector
is
deﬁned
as
K ¼ k  k0 ðjKj ¼ 4p sin u=lÞ, wðrÞ is given as the
Born series:
Ð eiKðrr0 Þ
Vatom ðr0 Þwðr0 Þ d3 r0
jr  r0 j
wðrÞ ¼ w0 ðrÞ þ w1 ðrÞ þ w2 ðrÞ . . .
ð2Þ

wðrÞ ¼ expfik0 rg þ A

where:

w0 ðrÞ ¼ expfik0 rg

ð3Þ

and:
ð

wn ðrÞ ¼ A

0

eiKðrr Þ
Vatom ðr0 Þwn1 ðr0 Þ d3 r0
jr  r0 j

ð4Þ

Terms of the series for n = 1, 2, … are considered to
represent the contribution from single, double, and
multiple scattering of the incident electron plane
wave. If the assumption of sufﬁciently weak interaction of incident electrons with the potential Vatom
is applicable, then the 1st Born approximation terminating the series at the second term w1 ðrÞ is

adequate:

wðrÞ ¼ expfik0 rg þ A

eikr el
f ðKÞ
r

ð5Þ

where fel(K) is expressed using Poisson’s equation
as [8]:
ð
eA½Z  f X ðKÞ
0
f el ðKÞ ¼ Vatom ðr0 Þ eiKr dr0 ¼
ð6Þ
K2
This approximation may correspond to kinematical
scattering in electron microscopy (EM). The last
equation, known as the Mott formula, gives relation
between the atomic scattering (form) factor for electrons and that for X-ray, fel and fX(K), respectively.
For a crystalline material, this factor will be a crystal
structure factor for electrons Fel(K) by replacing
atomic potential Vatom(r) by crystal periodic potential Vcryst (r). Therefore, for the case when kinematical scattering is applicable, the electrostatic
potential Vcryst (r) can be directly obtained from
Fourier Transform (FT) or Fourier sum of Fel(K).
From the crystal potential map, one can identify
atomic positions; therefore we have to make efforts
to obtain data which are either kinematic, or as
close as possible to kinematic [9]. To identify atomic
species from Vcryst (r), it is often not straightforward
as is the case with XRD, where atomic number directly correlates with charge density. This will be discussed shortly.
It is known that fel is very sensitive to electron
charge distribution of valence/conduction electrons
[10,11]. If the dynamical scattering effect plays an
important role [corresponding to higher Born series
(eq. 2)] then intensity proﬁles give not only amplitude but also the phase information of crystal
structure factors (CSFs), which is both a drawback
and an advantage [12].
The listed values in International Tables were
obtained assuming the spherical potential distribution of an isolated atom [13]. Deviation from
spherical electron distribution of Vanadium was discussed by XRD based on atom [14,15] and by
Compton scattering [16]. Therefore, for the study of
bonding charge distribution special attention has to
be paid [17,18].
fel of ionized atoms behaves in a different manner
than expected for neutral atoms in a low scattering
angle range, as drastic increases (or decreases) of
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Fig. 1. Double refraction multiplets observed in Debye-Scherrer
rings of MgO smokes.

The elastic scattering cross section as a function of
atomic number is also discussed by John Spence
[20,21]. Speciﬁc care must therefore be taken if
structural determination and reﬁnement by electron
diffraction data utilize the atomic scattering factor
information.

Periodic systems
Self-consistent solution of SMCs by EC combined
with the curvature assessment

Three-dimensional (3D) reconstruction by electron
crystallography (EC) based on TEM image data is a
powerful method for solving a structure without
adopting any geometrical assumptions. We have
previously developed an EC reconstruction technique to give 3D electrostatic crystal potential p(r),
which clearly illustrates the geometry, arrangement
and connectivity of periodic mesopores [22,23].
An isopotential surface (IS) with a potential level
c ( p(r) = c) partitions space into the wall and the
non-wall regions (cages or channels). The structure
of SMCs’ walls ﬂuctuates as they are a soft matter
system. Coupled with large pore sizes, this causes a
rapid decay of the Fourier component with respect
to the scattering angle, and the reconstructed
crystal potential p(r) normally shows a very blurred
distribution of potential values in 3D space (see
Figure 3). Redetermination of a clear-cut boundary
surface discriminating the mesopore and the wall
within the averaged structural scheme is desired in

Fig. 2. (a) The atomic scattering factors (fel ) for electrons at various
scattering angles are plotted according to the neighboring atom
species (chosen from transition metals, Z = 21–30). In the range of
W 1
the values do not increase simply with the
sin u=l , 0:4 A
increase of Z as expected normally.
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fel can be seen depending on the ionization degree
[19].
A double refraction effect gives ﬁne structures of
diffraction spots called multiplets. If a specimen is
a parallel-sided slab then a reﬂection should be a
single sharp spot. The observed effect comes from
refraction through mainly mean inner potential, V0,
0-th Fourier component of crystal potential Vcryst (r)
and through g-th Fourier components. MgO has a
cubic structure with the space group Fm-3m, and
Debye-Scherrer rings should be formed with sharp
rings for unmixed hkl reﬂections from many small
crystals. However, cubic morphology of MgO
crystal clearly gives a double reﬂection effect as
shown in Figure 1. One should therefore be careful
to collect electron diffraction data sets from a
parallel-sided slab.
Since structure analysis by electron crystallography (EC) is increasingly considered an important
method and structural reﬁnement is becoming more
quantitative, one must highlight the differences and
similarities between atomic scattering factor for
X-ray and electron. A naïve idea that fel(K)
increases with Z at any wave number K (or scattering angle u), is not correct, as seen by plotting
values of fel listed in Table 4.3.1.1 in International
tables for Crystallography, volume C. Figure 2
shows the atomic number Z dependence of fel for
different values of sinθ/λ = (1/2d). fel does not increase with atomic number Z (some neighbouring
3d-elements from Z = 21 to 30 are collected) as
expected but decreases, showing a wavy nature.

Z. Liu et al. Nanoporous crystal details evidenced by microscopy

Fig. 3. One unit cell representation of reconstructed crystal
potential distribution of MCM-48. The distribution is highly blurred,
which makes it difﬁcult to distinguish a clear boundary between the
mesopore and wall architecture.

Fig. 4. Structure types solved with Electron Crystallography.

‘combined method’ for convenience. The combined
method is geometrically reasonable, yet is restricted
to highly crystalline materials only. While the information of the gas adsorption comes from the bulk
amount (at least 0.01 g in sample weight for mesoporous silicas) of the sample, TEM data necessary
for EC reconstruction can be collected from a few
single nanocrystals. This difference produces uncertainty in determination of cT due to the possible
presence of uncontrolled impurities, different mesophases, and structural defects. Calcination of the
sample to let the gas molecules be accessible to the
mesopores is required. Some structure solutions are
shown in Figure 4 [23–29].
Attempts to obtain a plausible pore wall structure
using EC data only was especially motivated by the
recent progresses in SMCs: (i) structure of assynthesized SMCs should be solved to observe structural change from as-synthesized SMC to a calcined
one; (ii) new structure should be solved even from
minor crystals in a mixture of different mesostructures; (iii) SMC is extended to non-silica materials
whose true density might be different from that of
bulk materials; and (iv) it is necessary to give structural data of pore volume and surface area for different types of pore structure to give an insight into gas
adsorption science. To overcome the limitations of
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order to discuss further details of the underlying
mesostructure, which substantially corresponds to
the determination of the proper isopotential level
(cT.).
A plausible value of cT may be determined by
combining the EC data and the pore volume information obtained from gas adsorption measurements
(which provides the required information about the
wall density–else it is assumed) [23]. Let us call it a
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with c, then evaluated the value of F given by the
form of surface integral. The structural topology
associated with the surface integral of K was
assumed to be unchanged and the spontaneous
mean curvature (H0) was adopted as the
surface-average of H so that the most probable value
is obtained. From a set of the assessment, we
selected the value of cT as the best-determined IS
representing the mean pore-wall position that gave
the minimum of F/A (A = surface area) [30,33]. This
is equivalent to choosing an IS closest to a constant
mean curvature surface within the reconstructed
crystal potential distribution.
This approach was applied to various MCs with
the cubic crystal system; an example is shown
in Figure 5 using SMC MCM-48 (analogous to the
minimal G-surface). By using EC data, one may
evaluate the porosity of SMCs for which mesopores
were fulﬁlled by surfactants, and thus it was
possible to show the structural change from assynthesized to calcined crystal forming a more
homogeneous surface. (Figure 6).
The constant mean curvature regime alone may
not be sufﬁcient to describe formation of the SMC
interface (boundary from silica wall to void/surfactant) morphology quantitatively. Using electron
tomography analysis, Jinnai et al. reported that the

Fig. 5. (a) The curvature energy density plotted with respect to the potential level c. The best-determined ISs are depicted on the bottom of
the plot. (b) The simulated TEM images from the best-determined IS was compared with the observed TEM image for cal-MCM-48.
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the combined method, we developed an approach to
obtain a pore-wall architecture of SMCs in a selfconsistent manner [30]. On the varying value of the
potential level c, every IS deﬁned as p(r) = c can be
a candidate of an effective representation of the
pore wall structure in a unit cell of the underlying
MC. The question was then ‘Which EPS is the most
stable?’ To evaluate the stability of each IS, we
relied on the curvature elastic energy [31] as a
criterion.
The formation of SMCs is based on the cooperative self-assembly of amphiphilic molecules (or
copolymers) and inorganic species in water.
Polymerization of inorganic precursors takes place
around the boundary between water and amphiphile
sheet. One may therefore postulate that the boundary surface energy is predominant during the
structural formation of MCs. When the amphiphile
sheet is approximated as an elastic continuum, the
curvature energy (F), as a function of the mean
curvature (H) and the Gaussian curvature (note that
K does not represent wave number in this section),
plays a dominant role as introduced by Helfrich [31].
The minimization of F offers a simple yet reasonable
way to optimize the structure [32].
To determine the proper potential level cT, we ﬁrst
assessed local curvatures of H and K on every IS

Z. Liu et al. Nanoporous crystal details evidenced by microscopy
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interface of a G-morphology formed by triblock copolymer deviates from the perfect constant mean
curvature surface due to the ‘packing frustration’
from the entropic cost for polymer conﬁguration
[34]. A similar but more complicated system of
SMCs should also be subjected to analogic consideration for future studies in attempt to elucidate a
true view of mesostructures.
Accidental extinction – layered nanosheets and
3D-cubic SMCs with spherical pores

Ð
FðgÞ ¼ jFðgÞjeiaðgÞ ¼ CðxÞ eigx dx ; F ½CðxÞ; g
¼ F ½BðxÞ; g  ðF ½LðxÞ; g  F ½SðxÞ; gÞ
ð8Þ

A perfect crystal C(x) can be described by functions
of basis B(x), lattice L(x) and size(shape) S(x) as,
CðxÞ ¼ BðxÞ  ðLðxÞ  SðxÞÞ

where x represents a positional vector in real space,
S(x) is a crystal function and equal to 1 when x is
inside the crystal, and equal to 0 when x is outside
the crystal. A symbol * gives an operation of convolution. The Crystal structure factor (CSF) for g-th reﬂection is deﬁned by Fourier g-component of the
crystal as:

ð7Þ

where C(x) is the density distribution of scattering
matter over the whole crystal, and the symbol F
represents FT, and g is a wave vector in reciprocal
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Fig. 6. Curvature distribution on the best-determined ISs of one unit cell: (a) as-syn-MCM-48 and (b) cal-MCM-48.
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space. The crystal structure C(x) is obtained
through inverse FT from a set of CSFs for many
reﬂections. If the kinematical scattering approach,
based on which X-ray and neutron crystallography
has been developed, is applicable, then the ED intensity I(g) is given as:
IðgÞ / jFðgÞj2

ð9Þ

For the case, the size of the crystal slab in x and y
directions and n, number of nano sheets along z, are
large enough, then F(k) will have a non-zero value
only when wave vector k is equal to lc* (l = integer),
then:
ða
e
0

The crystal structure C(x) can then be solved
straightforwardly using various algorithms developed for ﬁnding phase aðgÞ of F(x) from a set of I
(g) data as discussed before.
An accidental extinction comes not from the
symmetry of lattice through F ½LðxÞ; g but from zerocross of F ½BðxÞ; g in a one-dimensional (1D-) crystal
of layered zeolite-nanosheets separated periodically
by surfactants and 3D- cubic SMCs with spherical
pores. In both cases B(x) does not bring extra symmetry to the lattices such as a plate with uniform
density perpendicular to the z-axis (1D) and spherical pores, respectively. Graphical presentations are
given in Figure 7a and b for 1D- and 3D- cases,
respectively.
For 1D-crystals, C(x) is reduced to:
CðxÞ ¼ ðBðzÞ  Hðx; yÞÞ  ðLðzÞ  SðzÞÞ

ð10Þ

where B(z) is the basis(slab) with unit thickness
corresponding to the lattice periodicity along z, L(z)
the inﬁnite 1D-lattice function along z, and H(x, y),
S(z) the crystal-size functions in x–y plane (2D) and
along z axis (1D).

dz þ B

ð1
eikz dz

ð11Þ

0

where A and B are scattering factors for slabs A and
B, respectively. Figure 8a [35] shows normalized intensities of reﬂections for k = lc* obtained from
equations above with l = 2, 3, 4 and 5 reﬂections to
that of l = 1 for the case of B/A = 0.5, as
Fðk ¼ cÞ = 0. The intensity of nth order reﬂection
(l = n) extinguishes when the rational layer thickness a reaches to 1/n.
In the case of a three-dimensional structure, a
similar situation may happen. The F(g) is non-zero
only at speciﬁc reciprocal indices depending on the
space group of the structure. For BCC, whose
space group is Im3m, the non-zero intensities are
observed for reciprocal lattice vectors hn corresponding to 110, 200, 211, 220, 310 … reﬂections in
order of increasing d* in reciprocal space. The form
factor B(g) is dependent on the shape of basis. For
sphere of radius R, B(g) takes the form:

Bðg; RÞ ¼

3ðgR cosðgRÞ þ sinðgRÞÞ
gR3

ð12Þ

Fig. 7. Graphical presentation of the crystal and symbolic expression of the crystal structure factor for one-dimensional system (a), and
three-dimensional system of BCC (b), where an inﬁnite plane with thickness Z and a cube of size L are assumed as their crystal shapes
respectively.
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3D-structural solutions of zeolites by various TEM
approaches

Fig. 8. (a) Relative XRD intensities (F(k)2) of l-th order reﬂections
relative to that of the 1st reﬂection in the one-dimensional system.
(b) Relative XRD intensities of 200, 211, 220 and 310 reﬂections
relative to that of the 1st reﬂection (110).

and the diffraction intensity:
IðgÞ / jFðgÞj2 ¼ jBðgÞj2 LðgÞ2
ðX
/
jBðgÞj2 dðg  hn Þ dg
n

ð13Þ

shown graphically in Figure 8(b), where the intensity is normalized with respective to that of the 110
reﬂection. From equation 12 extinction occurs
when gR equals 4.49, 7.72, 10.9, 14.0, 17.2, etc.,
meaning extinction occurs for different reﬂections
at R = 0.226, 0.253,
pﬃﬃﬃ 0.292, 0.358, 0.389. (The R value
cannot exceed 3=4 in the case of BCC.)
Ryong Ryoo et al. [36] succeeded in synthesizing
hydrothermally ultrathin MFI zeolite nano sheets,
which corresponded to only a single- unit-cell thickness (2.0 nm along the b-axis, which is along the
straight channel) conﬁrmed by an HRTEM image
(after surfactant extraction) as shown in Figure 9a.

Solving a crystal structure using TEM requires simultaneous unit-cell parameters and possible reﬂection conditions. The dynamical effect sometimes
makes it hard to conﬁrm extinction conditions.
Qualitative structure analysis of nanomaterials
was performed by Dorset in 1995 [37] using direct
methods for determining phases of CSFs from the
observed ED amplitudes. Nicolopoulos et al. [38] independently showed the possibility of solving structure of zeolites by ED intensity measurement
combined with direct method (three-phase invariants) taking MCM-22 as an example. We also
solved the 3D-structure of unknown SFE (SSZ-48)
using this approach [39].
In order to reduce the dynamical effect in electrons, precession electron diffraction (PED), electron diffraction tomography (EDT), and automated
electron diffraction (AED) have attracted a lot of attention, especially in the inorganic chemistry community. The typical technique is PED, which was
ﬁrst introduced by Vincent and Midgley [40]. A PED
pattern is recorded as the integration of a series of
diffraction patterns during impact electron beam
onto the specimen is tilted by f with respect to the
optic axis and rotated at the ﬁxed precession angle
v on the same specimen position along the axis.
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Pillaring was carried out with tetraethoxysilane
(TEOS) prior to a removal of the structure directing agent (SDA) to make mesopores within the
interlamellar spaces. The mesopore diameters were
uniform and precisely controlled according to the
surfactant tail-lengths. Up to the fourth-order reﬂections corresponding to the interlayer distance were
observed in powder XRD pattern at small scattering
angle range due to the interlamellar structural coherence. This is the ﬁrst material exhibiting two
kinds of structural orders simultaneously in both
mesoporous and microporous regimes among zeolites with 3D structure. An HRTEM image of the
sheets synthesized by use of CnH2n+1 (n = 22) with
pillars shows a = 0.5 in Figure 9b in this case, and
we can observe the accidental extinction clearly for
the second order reﬂection [2] in the powder XRD
patterns from the sheets synthesized with CnH2n+1
only for n = 22 but not for n = 18 (Figure 9c).
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Tilting the beam excites fewer strong reﬂections
with a Laue circle of reﬂections than if the beam
were exactly parallel to the zone axis. The number
of strong multi-beam conditions excited by the
tilted beam is reduced compared with the on-axis
pattern. Some structures have been solved by this
approach when diffraction intensities are collected
down to the resolution limit 1.0 Å, where the diffraction intensities of all reﬂections are separately
observed. Groups in Cambridge (Midgley) and
North Western (Marks) have taken the method
further, and the method has also been extended
elsewhere to obtain structures of inorganic materials, especially by rotation electron diffraction
(RED) by the Stockholm University group [41] and
automated diffraction tomography (ADT) by the
University of Mainz group [42,43]. A possibility of
atomic resolution with 3D electron diffraction microscopy for nanoporous and nanocrystals was also
shown by J. Miao et al. [44].
Diffraction/scattering techniques can give structural information very precisely; however, information is averaged over the volume. Imaging
techniques are superior for obtaining local structural information to diffraction/scattering, although
information is averaged along the beam path either
coherently (TEM) or incoherently (STEM). There
will be great progress in this ﬁeld as a result of
recent instrumental developments that allow small
electron beam sizes on a specimen down to the
Ångstrom range.
TEM combined with XRD

The combined approach of powder XRD with
high resolution transmission electron microscopy

(HRTEM) has shown success in determining
complex zeolite structures such as: TNU-9 [45], IM-5
[46], SSZ-74 [47], and ITQ-37 [48].
Ohsuna et al. developed a new approach by combining analyses of HRTEM images with ED patterns
to obtain a structural solution from particularly
small and thin parts of crystal. Three dimensional
electrostatic potential maps obtained from a set of
HRTEM images are too blurred to locate atoms.
However, without losing the uniqueness of structural solution, Patterson pairs from ED analysis is
used and produce satisfactory Si atom positions.
The structural solution is zeolite polymorph C of
zeolite *BET (BEC) hypothetically proposed by J.
Newsam and M. Treacey [49] and is shown in
Figure 10, together with a schematic diagram of the
analytical process. A study surface ﬁne structure is
also possible [50] (Figure 12).

Intergrowths and surface terminations,
incommensurate structure, quasi-crystals
and other structural deviations
The deﬁnition of a crystal has recently been
extended to any material that has an essentially discrete diffraction diagram [51]. Structures that lack
three-dimensional periodicity but are periodic in
higher dimensions, such as incommensurate structures and quasicrystals, are now categorized as
crystals. Many trials have been reported to produce
quasicrystals with meso- or macroscale order.
Whilst structural details are given by interference
among reﬂections with high q-values, the topology
and an arrangement of pores can be obtained
from a rather small number of main reﬂections.
Consideration of the structures of basic building
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Fig. 9. MFI zeolite nanosheets synthesized using C22H45 (n = 22) (d) observed by HRTEM (a) and (b). Diffractograms (c) show that when
n = 22, the second order reﬂection is missing due to accidental extinction.
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Fig. 11. Low magniﬁcation TEM image (a), corresponding ED pattern (b), HRTEM image from one of thin crystal (c). (d) Framework of
three polymorphs. JEM-4000EX operated at 400 kV. High magniﬁcation HRTEM image of the overgrowth are marked by ‘New’, polymorphs A
and B are marked by A and B.

units permits a structural solution of their arrangements even from low resolution diffraction/image
data.
Observation of the microscopic structural details
of defects by TEM not only offers the possibility of
gaining new insights into the structure, but also
raises deeper questions regarding the underlying

physics. The full potential of the technique is
enhanced by not limiting arguments to microscopic
images obtained but by exploring an intuitive theoretical model. The following SSZ-24 and quasicrystal
sections show two kinds of materials exhibiting evidence of an aperiodic order under an EM. In an
attempt to understand the physical origin of the

Downloaded from http://jmicro.oxfordjournals.org/ at KOREA ADVANCED INST OF SCIENCE AND TECHNOLOGY on May 18, 2016

Fig. 10. Capturing a set of HRTEM images will produce a resultant three dimensional electron potential map; however, it is too blurred to
locate atoms. Ohsuna et al. developed a new approach combining the potential maps with electron diffraction patterns. The resultant
enhancement of the Patterson map through the use of a computer produced a framework.
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aperiodicity in each case, a theoretical model that
mimics the real system is introduced and the physical process that is essential in forming the structure is shown.

Intergrowths and surface termination in Zeolite
BEC

Fig. 12. This image is taken with [100] electron incidences by JEM-4000EX at 400 kV. Both (001) and (010) surfaces are clearly observed on
the left and the above edges. Three different (010) Surface terminations, I, II and III, can be modeled, and they are energetically almost the
same. However, Type II was not observed and type III was most frequently observed. Surface structure of Beta C (001) resolved - termination
is distinct from (010).
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Miguel Camblor et al. synthesized an interesting
pure silica zeolite crystal, ITQ-14 [52] where extra
small signals in powder XRD pattern and NMR
spectrum were observed. Figure 11 shows tiny crystals overgrown on major *BET crystals composed
of A and B polymorphs. Planar faults and defects
were also observed. The volume of this new structural part was estimated at less than 5% of the total
volume. ED pattern Figure 11b shows extra spots
forming a rectangular net in addition to strong
diffuse streaks corresponding to existence of many
stacking faults (both in solid and thin overgrown
regions) and a small amount of new phase from
thin overgrown plates. Projected framework structures of polymorphs A, B and C suggested by JM
Newsam and M Treacy et al., are also shown [49].
Atomistic modeling of surface structure can be a
useful tool; an alternative nanoscope that provides
Angstrom level resolution [53,54]. Advances in

HRTEM revealed the surface structure of zeolite Y
prompting tests of whether observed terminating
structures could be explained by modeling [55].
Whitmore et al. found that three distinct terminations of the (111) facet had the same surface
energy and therefore, from thermodynamic considerations, all three terminations should be observed.
Only two were observed via HRTEM [56] prompting
study about the growth mechanism. Whitmore
et al.’s study was one of the ﬁrst to report the
barrier to adsorption from the external surface to
the internal surface, noting the barrier at the external surface was less than that in the interior.
Similar ﬁndings have been reported in zeolite A
more recently [57]. Initial studies by Slater et al.
[58] found that the surface structure of BEC (010)
could be explained only by considering the mechanism of formation. In Figure 12, two terminations
of BEC are found. Type I shows a crenellated
surface decorated with double 4 rings (D4Rs) and
type III displays a regular, ﬂat surface. Three terminations could be expected upon examination of the
cross section of the (010) BEC surface in Figure 12,
since each of the three terminations has the same
number of dangling bonds and the same density of
silanol groups, and it was expected that the stability
of each termination would be very similar in
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energies suggest a smaller morphological importance for (001) in comparison with (010), as is
evident from the aspect ratio of the BEC crystal in
Figure 12.

Incommensurate structure and phase transition
in zeolite SSZ-24

Silica zeolite, SSZ-24, is a structure originally
reported [66] to be a hexagonal open framework
(space group, P6/mcc) composed of SiO4 tetrahedral units interconnected by sharing O atoms
(Figure 13). The structure posed a controversy
because the space group enforced the Si-O-Si
angles parallel to the c-axis [located at the connecting corners of adjacent tetrahedra that are aligned
vertically in Figure 13(a)] to be 180°, which was
physically implausible. The original report [66],
based on the X-ray crystallography, proposed that a
possible displacement of the O atom from its
highest symmetric position to a few lower symmetric positions, each of which has a fractional occupancy, should reduce the Si-O-Si angles to within
140–150°, although this entails the reduction of the

Fig. 13. A perspective view of the unit cell (a) and a view along the
c-axis (b) for SSZ-24. Each tetrahedron represents the SiO4 unit.
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energy. Brent et al. have conﬁrmed this premise
directly [59], afﬁrming earlier computational work
[60–64].
Slater et al. [58] (later revisited in Slater et al.
[65]) show the addition of the S4R to the type III
surface to generate type II is a mildly endothermic
process. Addition of a S4R to type II to yield type I
is an exothermic process. Addition of a D4R to the
type III surface to give the type I surface is exothermic according to density functional approaches.
D4R is known to be a very stable species in solution
and is present in the reaction media, unlike the
S4R species. The two-step S4R mechanism suggests
that type III to type II is likely to be slow, and
dissolution of the S4R to yield the starting type III
surface is thermodynamically favoured. However,
if type II is formed by addition of S4R, attachment
of another S4R is thermodynamically favourable,
hence assuming a small barrier and a high concentration of S4R; type II is kinetically and thermodynamically unstable with respect to type I. However,
it is tempting to consider that a more plausible
mechanism, given the surfeit of D4Rs under crystallization conditions, is the direct addition of D4Rs.
Both two-step S4R addition and one-step D4R addition can provide explanations for the absence of
the type II surface.
Figure 12 also shows the (001) surface of BEC at
the top of the crystal showing possible terminating
structures. In the [100] projection shown, three possible terminating structures are displayed. The type
I termination on the right of the ﬁgure shows a
clear D4R structure and in type III the D4R is
absent. By analogy with the (010) surface, type II
appears to present a S4R termination. The HRTEM
image show types I and III terminations, implying a
possible D4R mediated growth mechanism, which
is discussed in detail in Slater et al. [65]. Figure 11
highlights the crystal morphology, which is needlelike, akin to many zeolites. In Slater et al. [65] the
surface energies were calculated for the (010) and
(001) faces and found to be 0.53 and 0.83 J/m2 respectively for the lowest energy terminations
studied. A low surface energy implies a large morphological importance and conversely, surfaces that
have higher surface energies are intrinsically less
stable and hence become overgrown with more
stable crystal planes. Hence, the computed surfaces
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reﬂections are relatively weak as compared to those
of the main reﬂections, and cannot be maintained if
temperature is raised to 100°C. The modulation is
therefore most likely to be of the displacive type.
Although these ﬁndings may well be taken as a
victory of electron microscopy, the physical origin
of this phenomenon can be fully understood only
with a proper theoretical analysis.
It is postulated that the displacive modulation
was caused by the inherent instability of the silica
framework as framework minerals often have
various soft-mode instabilities against displacive
structural transformations depending on the framework topology. A dedicated approach was developed to enumerate all the possible soft-modes; this
is called the rigid-unit mode (RUM) model. The
structure of SSZ-24 was modeled based on the

Fig. 14. Electron diffraction patterns of SSZ-24 taken with (a) [1–10] incidences and (b) the corresponding schematic drawing. (c) Electron
diffraction pattern of SSZ-24 at 100°C. High resolution TEM image of SSZ-24 taken with (d) [001] and (e) [1–10] incidences. (f ) The
distribution of the soft phonon modes in the ΓMLA-plane is shown. The shadowed points have at least one phonon mode with a frequency of
less than 0.01 THz.
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space group to Pcc2, P6 or lower. Our preliminary
powder X-ray diffraction data showed that the material exhibits a set of weak reﬂections that cannot
be indexed with P6/mcc [67]. All these incongruous
hypotheses from the various sets of data prompted
us to carry out a thorough investigation of the structure in nanometre scales using HRTEM.
The unusual feature of SSZ-24 is immediately identiﬁed as an incommensurate modulation along the
c-axis by TEM. A set of sharp satellite reﬂections
along the [1–10] axis was observed in the ED patterns, and was successfully indexed using the 4th reciprocal basis vector with a magnitude of q  0.38c*
(Figure 14a and b). Linear bright contrasts (or wrinkles) were observed in HRTEM images taken with
[1–10] incidence (Figure 14e); their intervals did not
show periodicity. The intensities of the satellite
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Mesoscale quasicrystal, its approximants and
growth form

We have recently reported that mesoporous silica
forms a quasicrystalline structure. The synthesis
details can be found in the original paper [68].

It was previously reported that two different crystal
structures are obtained just by varying the ionization degree of surfactant with different additional
amounts of NaOH. These structures are isostructural to the A15-type structure (at low pH) and the
σ phase structure (at high pH) included in the
Frank-Kasper family of alloy phases; the space
groups are Pm-3n and P42/mnm, respectively.
Recall that they involve three kinds of Voronoi polyhedron: [512], [51262] and [51263], where [5i6j ] stands
for a polyhedron having i pentagonal and j hexagonal faces. The boundaries of the Voronoi polyhedra represent the silica walls in the mesoporous
silica system. Both these structures reveal a tiling
composed of squares and/or equilateral triangles
when they are orthogonally projected down to the
(001) plane. TEM images taken along the [001] axis
are shown in Figure 15a and b for the Pm-3n and
P42/mnm structures, respectively. The threedimensional Voronoi packing associated with the
square and triangle columns are depicted in
Figure 15d and e.
Quasicrystalline order has been realized when the
ionization degree (i.e., the NaOH molar ratio) is
slightly reduced from that for obtaining the P42/
mnm structure. A remarkable feature of this particular sample is in the morphology of individual
particles; the majority of the particles exhibit an
outward appearance of dodecagonal prisms with a
diameter of a few micrometers (Figure 16a). This
strongly indicates an inherent aperiodicity of the
structure, because periodicity is incompatible with
dodecagonal symmetry. A question then arises
about whether the material involves dodecagonal
quasicrystallinity or just multiple twinning. Cross
sectional images of a few of the particles have been
taken using HRTEM, revealing that the structure
can be represented as a tiling composed of squares
and equilateral triangles. A quasicrystalline order
was realized in the central region of the tiling, conﬁrmed with electron diffraction patterns showing a
perfect dodecagonal symmetry (Figure 16b). A
quantitative higher-dimensional analysis of the
central tiling in some of the particles has demonstrated a close proximity to ideal quasicrystallinity
(Figure 16d). The central region is usually surrounded by 12 fans of crystalline domains, each of
which is composed of a periodic structure that is
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original report [66] as a network of tetrahedra interconnected by sharing their vertices, where each
tetrahedron is identiﬁed as the SiO4 unit (Figure 13)
to apply the theory to the present case. Each SiO4
unit is rather rigid against deformations, whereas
two connected SiO4 units resemble a hinge around
which the two units can tilt or rotate easily with
respect to each other. The elastic property of each
SiO4 unit is taken into account with the split-atom
method, which allows two vertices at one hinge to
separate and assumes a harmonic potential U
(r) = kr 2/2 between the two split vertices where r
stands for the distance between the vertices and k
the effective elastic constant. If a structural distortion involved little deformations of individual SiO4
units, the energy cost associated with the distortion
would be very little and the restoring forces would
be very small. The corresponding phonon mode
would have very small frequencies. The RUM approach allows us to analyse phonon frequency
spectra for various frame work structures numerically and to enumerate all the soft modes.
We have found from a numerical investigation of
the RUM for SSZ-24 that the phonon dispersion
curves along the c* included a quadruple set of dispersionless phonon branches with zero-frequency.
There are also several discrete RUMs at the Γ point
as well as at fractional wave vectors kz = 0.304 c*
and 0.392 c*, accompanied by sharp drops of
phonon branches. It appears that the incommensurate RUM at 0.392 c* is in reasonable agreement
with the modulation wave vector q  0.38 c*. As all
the soft modes indicate possible ﬂexible distortions
of the idealized structure, their distribution in the
reciprocal space was calculated. In the ΓMLA-plane
(h0l plane) of the reciprocal space, the soft modes
are distributed along the shadowed regions shown
in Figure 14(f ), where black dots present the positions for fundamental reﬂections. The distribution
shows good agreement to the diffuse streaks that
are observed in an ED pattern for the highertemperature phase (Figure 14c).
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isostructural to the H-phase (space group, Cmmm)
in the Frank-Kasper family (Figure 16c). All these
observations are presented in Ref [68].
The striking features of our new material, as they
have been revealed through TEM observations,
make us wonder how they formed during the synthesis. The dodecagonal shaped particles can be
seen as composites consisting of a quasicrystalline
center and a twin-like arrangement in the peripheral
region. Such particles are likely to have formed
under a strongly non-equilibrium environment,
where the primary building units are the micelles,
stacked locally into columnar arrangements represented as squares and triangles in the planer representation. These secondary building units seem to
maintain a certain degree of rigidity; hence, we may
set aside the behavior of individual micelles while
focusing on how squares and triangles are arranged
during the growth process.
Motivated by the above consideration, we have
proposed a stochastic growth model in order
to simulate the formation of the present material.

The structure is represented as a patch of squaretriangle tiling in the plane, whereas a simpliﬁed energetics for the tiling is introduced to take into
account effectively the interactions between the
micelles. Note that the vertices of a square-triangle
tiling can be mutually connected through edges
represented by the unit vectors, ej = (cos(πj/6), sin
(πj/6)) with j = 1, … ,12. It follows that a possible
new vertex (or a ‘candidate’) must be given at a
point that lies outside the outer boundary of the
patch and that is connected to a vertex on the
boundary through one of the unit vectors ej. The
total free energy, F, of the patch is deﬁned as comprising the effective chemical potential, μ, associated with every vertex, the effective interaction
potential, V, between vertices and/or tiles, and the
surface energy, σ, associated with every edge on
the boundary; hence, F = μN + V + σM, where N is
the total number of vertices in the patch and M the
total number of edges comprising the outer boundary of the patch. The simulation details can be
found in the original paper [68].
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Fig. 15. The three basic crystal structures and their packing geometries. a–c, TEM images taken along the [001] axis for the (a) Pm
3n (b)
P42/mnm and (c) Cmmm structures. The yellow lines in each TEM image show the corresponding tiling. (d) Three-dimensional packings for
squares and triangles. The three kinds of Voronoi polyhedra, that is, [51262], [51263] and [512] are shown blue, red and yellow, respectively. (e)
Projections of the polyhedral frames, demonstrating the two-dimensional/three-dimensional relationship of squares and triangles, where the
centre of each polyhedron is indicated by a dot symbol (see key, where z stands for the fractional coordinate in the normal direction to the
plane).
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There exists a range of possibilities in the deﬁnition of the interaction potential V. The simplest
choice is to introduce a central-force ﬁeld (or pairpotential) v(r) between an arbitrary pair of vertices
in the patch, where r stands for the distance
between the vertices. (A more realistic potential
based on multi-body interactions between vertices
and tiles is adopted in Ref [68].) Then the total
interaction energy is calculated as V = Σ<i,j>v(rij ), in
which <i, j> runs over all the pairs of occupied vertices in the patch. We have surveyed different types
of v(r) in search of the best potential that reproduces the structural characteristics of the present
material. When a Lennard-Jones potential having a
minimum at the distance 1 (the edge length of the
tiling) was used for v(r), we could only obtain
domains of triangular tilings separated by defects.
It then turned out that if v(r) takes only negative

values, an aggregation of triangles cannot be
avoided because the attractive interactions between
adjacent vertices will enforce the coordination
number of vertices to be maximized. In an attempt
to prevent triangles from been aggregated, we
manipulated
pﬃﬃﬃ v(r) so that it had a positive barrier at
r ¼ r3 :¼ 3, which corresponds to the long diagonal of a rhombus composed of two equilateral triangles. Figure 17 shows two examples of v(r) that
produced a tiling with similar characteristics to our
materials. Note that they have double minima, at
around r = r1:= 1 and r = r4:= √(2 + √3). The second
minimum is necessary to promote the pairing of a
square and a triangle. A systematic change was
observed in the simulated structures when the
height of the barrier as well as the depth of the
second well was slightly changed. The σ phase
structure is obtained when the barrier height and
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Fig. 16. (a) SEM images taken from the sample; the particles are dodecagonal prisms. (b) Electron diffraction pattern taken from a sample
using selected area aperture size, as indicated by the white circle in the inset. (c) A TEM image taken from the peripheral part of the sample.
Bottom right inset, the box in the low magniﬁcation TEM image indicates from which part of the sample the tiling is observed. Irregular
polygons (yellow lines) are observed in the boundary area between two fans. Linear rows of vertices within each fan are marked with broken
lines: pink, 33.42 vertices; light blue, 44 vertices. A defect row bounding two parallel domains is marked by white lines. (d) TEM image taken
from crushed quasicrystalline sample.
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Fig. 17. (a) The pair-wise potential of the interactive energy
between vertices of the tilings. The simulated patterns from the
potential b and c are shown in (b) and (c) respectively.

the depth of the second well are sufﬁciently large,
while a reduction of them turns the structure into
what we have observed in the cross sectional
images of our dodecagonal particles with a randomized center and multiply-twinned like peripheries.

Note that in the above case study, a slight change
in the pair-potential has abruptly changed the structure produced. This is consistent with the experimental ﬁnding that a slight decrease of the alkalinity
transforms the σ phase structure into the composite
structure having a dodecagonal morphology. The
growth of each fan in Figure 17c is initiated once a
particular conﬁguration at the tip of the fan is
formed. This occurs when the candidate B in
Figure 18 is chosen through a competition between
two different candidates A and B. Note that when v
(r4) and v(r5) are comparable these two candidates
are chosen with similar probabilities, but if the ratio
v(r4)/v(r5) becomes larger the candidate A is much
more likely to be chosen, in favor of the σ phase
structure. After the tip of the fan is formed, geometrical constraints will enforce a stable growth of a
fan; observe that in Figure 18 the candidate D is
much more likely to be chosen than the candidate C
because v(r3) − v(r4) + v(r5) takes a signiﬁcantly
large positive value primarily due to the potential
barrier at r = r3. When the barrier is signiﬁcantly
suppressed, the competition between conﬁgurations
similar to C and D can be greatly enhanced, so that
the growth of a fan will no longer be stable. Similar
arguments apply also to the case when a different
type of potential energy is used as in Ref. [68]. It is
important to note that the potential barrier represents an effective repulsion between adjacent triangles. It was argued in Ref. [68] that the repulsion is
associated with the interfacial force between the
micelles and that it is suppressed when the alkalinity
is reduced. In this sense, the physical picture of
the structural transformation provided by the model
reasonably agrees with the behavior of the real
materials observed experimentally.
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Fig. 18. Left: The patch that could initialize a fan-like conﬁguration.
Right: Graphic illustration of the environments for different
candidate vertices.
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Defect structure – cage-type SMC

Both the ccp and hcp structures have the highest
packing density ca. 0.74 of unimodal spheres and
form octahedral and tetrahedral interstitial spaces
among the spheres.
While SBA–1 and SBA–6 (space group Pm–3n),
AMS–8 (space group Fd–3m) and AMS–9 (space
group P42/mnm) have multimodal cages, and the
interstices of the spheres are only tetrahedrally cordinated. These structures may correspond to the
tetrahedrally close–packed (tcp) structures governed by area–minimizing effect rather than total
packing entropy of ccp/hcp structure. It has been
assessed that there is a distinct difference between
unimodal and multimodal mesostructures, in that
the unimodal structures possess mostly concave
surfaces (Gaussian curvature K > 0), while the
multimodal structures have a saddle shape surface
(Gaussian curvature K < 0) [32].
In this case, the soft micelles make interfaces with
the adjoint micelles and become polyhedra instead
of the spherical cages. Figure 19 shows four types of
polyhedra introduced for intermetallic compounds
by Frank and Kasper [71] 512, 51262, 51263, and 51264,
which construct tcp structures. Thus, the Pm-3n
structure (SBA-1), Fd-3m structure (AMS-8) and
P42/mnm (AMS-9) structures can be described by
the polyhedra packing model as ‘MEP’, ‘MTN’ and
‘SIG’ structures, respectively, according to the
system of symbols for nets (Figure 19) [72].

Fig. 19. Schematic drawings of four types of polyhedra and the structural description of the tcp mesostructures with a polyhedra packing model.
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We are focusing on defect structures in cage- and
bicontinuous-type SMCs. Cage-type SMCs are
formed by the ordered arrangement of the spherical
(or ellipsoidal) micelles with the smallest surfactant packing parameter g value of 1/3, having the
highest organic/inorganic interface curvature. In
particular, compared with the traditional atomistic
crystals, the intergrowth and defects of SMCs are
more diverse because the silica framework wall is
so ﬂexible before completion of silica polymerization that the structures still sensitively respond to
changes in a synthesis condition. Planar defects,
such as intergrowth, twinning and stacking faults,
are typical examples observed in SMCs, especially
the synthesis system with co-structure directing
agent (CSDA). A distinguishable beneﬁt of the
CSDA method developed by Che et al. [69] is that
the mesostructure can be easily controlled to show
a variety of mesostructures and morphologies.
Several cage-type structures have been synthesized, for instance, body centred cubic (bcc)
(SG: Im-3m, SBA-16 etc), face centered cubic
(fcc) (SG: Fm-3m, SBA-12 etc), cubic A-15 type
(SG: Pm-3n, SBA-1 etc), cubic Fd-3m (FDU-2,
AMS-8), hexagonal closest pack (hcp) (SG: P63/
mmc, SBA-2 etc), tetragonal (SG: P42/mnm,
AMS-9) and body centred cubic (bcc) (SG:
Im-3m, SBA-16) [70].
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more complicated, following a tetragonal symmetry
and have 512, 51262 and 51263. The structure has ﬁve
different crystallographic sites, three different cages
and thirty cages in one unit cell. It can be concluded that three-dimensional packings for squares
and triangles can be achieved by employing different types of the polyhedra.
By controlling the chemical composition and the
synthesis parameter well, diverse cage-type mesostructures can be formed according to the packing
behavior of the micelles.
The structural change from the Fm-3m to Fd-3m
was observed by changing synthesis condition [70].
In the intermediate region, the intergrowth of these
two structures has been directly observed using
HRTEM. Figure 20a and b shows the HRTEM
images of the intergrowth with two successive tilt
series along the vertical axis of these images (along
the [111]) by 30°. It is clear from the HRTEM
images and FDs of both domains that the [-110]

Fig. 20. HRTEM images of the intergrowth of the Fm-3m and Fd-3m structures. Each domain is taken along (a) [-211] Fd-3m and [-110]
Fm-3m directions and (b) [-101] Fd-3m and [-211] Fm-3m axis. (c) Schematic drawings of the boundary layer (layer λ) on layer A.
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The Pm-3n structure consists of four 512 polyhedra arranged in bcc (Wyckoff 2a site), and six
51264polyhedra form three sets of perpendicularly
interlocking columns (6c site). The Fd-3m structure
consists of eight 51264 are arranged in the diamond
structure (8b site) and sixteen 512 located between
16-hedra (16c site). The 51264polyhedra connect to
four 51264polyhedra and twelve 512polyhedra, and
the 512polyhedra connect to six 51264polyhedra and
six 512polyhedra. The Fd-3m structure can be also
described as a stacking of two kinds of layers made
of these two polyhedra along the [111]cub direction.
One of the layers has only 512 arranged in the
Kagomé net, termed layer A (or B or C). The other
has 512 and 51264, termed layer α (or β or γ), and
their mirrors are denoted by α0 (or β0 or γ0 ). The
structure follows the stacking sequence of AαBβCγ;
however, if the layer α (or β or γ) goes to its mirror
structure α0 (or β0 or γ0 ), e.g. AαBβCβ0 Bα0 A, a twin
is formed. Meanwhile, the P42/mnm structure is
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sits on the centre of the hexagon of the Kagomé net
as shown in blue. The layer λ results in the base
layer (e.g., layer a) for the successive Fm-3m structure. Then the hard spheres layer can be placed on
layer λ for both the ccp or hcp. According to this
model, a good agreement between observed and
simulated HRTEM images is observed, as shown in
Figure 20a and b.
Besides, in the Fd-3m structure, several twin
structures and different kinds of defect are
observed. Figure 21e and f show the HRTEM
images taken from the [-110]cub and [-12-1]cub directions respectively, including one type of defect,
which consists of an ABBA stacking sequence of
512 hedron layers. The new layer is termed layer z,
which has the space group of P6/mmm and can be

Fig. 21. (a–d) Schematic drawing and the HRTEM images taken from (e) [-110]cub and (f ) [-12-1]cub directions with the simulated TEM
images of the defect layer z. Copyright 2009 Wiley-VCH Verlag GmbH & Co. KGaA.
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direction of the Fm-3m structure (top and bottom)
corresponds with the [-211] of the Fd-3m structure
(middle) with common [111] axis in Figure 20a and
the [-211] of the Fm-3m structure corresponds with
the [-101] of the Fd-3m structure in Figure 20b as
well. Thus, the Fm-3m structure and the Fd-3m
structure can grow epitaxially with 30° rotation
along the common [111] axis. They have a relationship of a(Fd-3m)/a(Fm-3m) = √3 ≈ 1.73. Based on
the HRTEM images, the intergrowth can be
described by introducing an intermediate layer
(termed layer λ) between the Fd-3m structure and
the Fm-3m structure (Figure 20c). The layer λ consists of two kinds of hard spheres, where a small
sphere occupies the lattice point of the triangular
net as shown in orange colour, and a large sphere
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built to interpret the defect structure. However, the
defect cannot be built by using only the four types
of polyhedra, while three new polyhedra, 4151062,
425865, and 4151064, were employed (Figure 22a). All
of the polyhedra were discovered in Matzke’s experiment on random foam structure [73,74].
The defect layer has a monoclinic unit cell with
space group of C2/m. As shown in the ﬁgure, simulated TEM images and the structure models have a
good agreement with the observed HRTEM images
(Figure 22(f–i)), which support the faithfulness of
the structure model and brings the new possibility
of constructing new cage-type structures by stacking the micelles with various types and sizes. It has

Fig. 22. (a) Three new polyhedra for building the defect structure (b–e) Schematic drawing and the HRTEM images taken from (f ) [1-10]cub,
(g) [1-21]cub, (h) [0-11]cub and [-1-12]cub directions with the simulated TEM images of the defect. Copyright 2009, Wiley–VCH Verlag GmbH &
Co. KGaA.
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explained well by introducing two types of polyhedra. One is a 51263 polyhedron arranged in the triangular net, the other is a 51262 polyhedron, which
occupies the center of the triangular net, forming a
‘zra-d’ net. Thus, the defect layer has the AαBzBα0 A
stacking sequence. The schematic ﬁgures of the
layers and simulated TEM images of layer z are
inserted in observed HRTEM images. They agree
with each other very well.
Interestingly, another type of defect has been discovered, which does not keep the original threefold
symmetry along the [111]cub axes and has not been
reported. From the cage positions and the contrast
from the HRTEM images, a polyhedra model was
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Pore minimal surfaces – AMS series

The lamellar, bicontinuous cubic D- and G-surface
structures (Pn-3m and Ia-3d) and 2D–cylindrical
structure ( p6mm) have increased organic/inorganic
interface curvatures with the g values of 1, 2/3 and
1/2, respectively. The structural transformation from

lamellar to bicontinuous and to cylindrical has
been followed with interest. Hyde indicated that at
a given chain packing parameter, small variations in
the chain volume fraction (deﬁned as the total
apolar fraction of the amphiphilic molecule, including apolar solvents) may cause phase transformations between the different cubic bicontinuous
phases. Transitions with increasing chain volume
fraction may occur in the sequence lamellar and Dand G-surface structures [77].
However, the details of the microscopic dynamics
of the structural transitions and their intergrowth
have not been observed directly because of
limited resolution of the scattering experiments,
and the difﬁculties of direct observation of these
structures.
Very recently, a series of AMS materials have
been obtained with an unusual structural change
of cage–type ! 2D cylindrical p6mm ! epitaxial
intergrowth of p6mm and D–surface ! epitaxial
intergrowth of p6mm and G–surface ! D–surface !
G–surface ! lamellar [78]. The observed epitaxial
relationship between p6mm and D-surface by the
HRTEM image is that the cylinders of p6mm are

Fig. 23. TEM images of the samples synthesized with C18GluA and Brij–56. (a) intergrowth of p6mm and D-surface structure, taken along
[110]cub axis, (b–c), intergrowth of p6mm and G-surface, taken along [111]cub axis, (d) D-surface sphere with icosahedron hollow and (e) 3D
reconstruction and experimental g value distribution of the D-surface and G-surface structures. Reproduced from ref. 78 and 83. Copyright
2011, American Chemical Society.
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been found that the defect is formed as a result of a
mismatch of the stacking sequence of the Fd-3m
structure, which has been also observed in the
ETS-10 structure [75].
A full-scaled synthesis-ﬁeld diagram, where micellar
cubic Fm-3m, Pm-3n, Fd-3m, micellar tetragonal
P42/mnm, 2D-hexagonal p6mm and bicontinuous
cubic Pn-3m (D-surface) appeared, have been
obtained [76]. It has been found that the formation of
the mesostrucutres is governed by the organic/inorganic interface curvature and the mesocage–mesocage electrostatic interaction, and that weaker
mesocage–mesocage repulsion stabilizes soft sphere
packing of cubic Pm-3n, Fd-3m and tetragonal P42/
mnm structures, while hard sphere packing Fm-3m
mesostructure was obtained with strong mesocage–
mesocage repulsion.
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Defects in MOFs

Metal catecholates (CATs) synthesized by solvothermal reactions of 2,3,6,7,10,11-hexahydroxytriphenylene (HHTP) with metal [II] ions (Co and Ni) to form
extended metal-organic framework (MOF) structures. (Synthesis details were described in [84].)

Synthesized crystals of Ni-CAT-1 were not of
suitable size for single crystal X-ray analysis.
Nevertheless, a Rietveld reﬁnement of Ni-CAT-1 was
performed against the powder diffraction pattern
collected with synchrotron radiation, employing the
atomic coordinates obtained from the single crystal
data of Co-CAT-1. The reﬁnement converged with
excellent residual values (Rwp = 8.54%, Rp = 6.33),
demonstrating that Co-CAT-1 and Ni-CAT-1 have the
same structure.
In this study, the structure and the size and arrangement of the pores of Ni-CAT-1 were further
visualized by HRTEM. A JEM-2010F ﬁeld emission
transmission electron microscope equipped with
a CEOS post-specimen spherical aberration corrector (Cs corrector) was operated at 120 kV for
HRTEM imaging. And a JEOL 2100F with a cold
ﬁeld-emission gun equipped with a newly designed
aberration corrector (the DELTA-corrector) was
operated at 60 kV for scanning transmission electron microscopy (STEM). A Gatan GIF Quantum
equipped on the above JEM-2100F was used for performing electron energy loss spectroscopy (EELS)
analysis in STEM mode at 60 kV. MOF materials tend
to be electron beam sensitive; in order to reduce the
electron beam damage, the beam density during the
observations was from 50 to 150 electrons/(nm2 s).
A single HRTEM image with an exposure time of 2 s
or a sequence of 10 frames was recorded with a 0.5 s
exposure time for each and after drift compensation
some frames were superimposed to increase the
signal-to-noise (SN) ratio for display. Image simulation for HRTEM was performed by using Mactempas
software. The inner and outer collection angles for
the annular dark ﬁeld (ADF) image were 58 and 130
mrad, respectively. The beam current was 10 pA for
the ADF imaging and the EELS chemical analysis.
Figure 24 shows a low magniﬁcation HRTEM
image of the activated Ni-CAT-1 taken at 120 kV.
Both channel direction in lattice fringes (incident
electron beam perpendicular to the channels) and
hexagonal channel arrangement in a uniform
honeycomb structure (incident electron beam parallel to the channels) can be clearly observed. Some
defects can be identiﬁed as indicated by the arrow.
Although HRTEM is a powerful method for determining surface structures in inorganic porous materials [50,85–88], this is the ﬁrst example where the
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parallel to the <110> of D–surface with a {11}
p6mm $ {221} D (Figure 23a). Meanwhile, for the
G-surface, two kinds of connection were observed.
It can be clearly observed from the HRTEM image
that the cylinders of p6mm are parallel to the <111>
of G side by side with both {10} p6mm${211}G and
{10} p6mm${220}G relationships (Figure 23b and c).
For the {10} p6mm${220}G intergrowth, the cylinders of p6mm domain cannot ﬁt well the G domain
perfectly, creating numerous defects with elliptical
channels at the boundary (marked by the red arrows
in Figure 23c).
It is worth noting that the phase transition of
the G-surface structure and the hexagonally packed
cylinder structure have been discovered in the corresponding liquid-crystalline phases, the block copolymer melts and the SMCs. Most of the existing
experiments and theories support the correlation
that the two phases align side by side with the {10}
p6mm${211}G [56,79–82]. In the previous studies,
the details of the microscopic dynamics of this
epitaxial transition were not observed directly because
of limitation of the scattering experiments. However,
the formation of SMCs enables detailed study of these
intergrowth and defects by the HRTEM technique.
Interestingly, the sample with D–surface showed
spherical morphology with inner polyhedron hollows
(icosahedral, such as those observed for proteins of
virus capsids, decahedral, Wulff polyhedral, etc.)
formed by the reverse multiply twinned D–surface
structure (Figure 23d) [83]. It has been found that
vesicles with low-curvature lamellar structures were
ﬁrstly obtained, then a structural transformation to
D–surface structure occurred, which induced the formation of the reversely multiply twinned icosahedral/
decahedral hollows. In addition, the local g parameter
of both D– and G–surface has been calculated from
electron crystallography reconstruction by the mean
curvatures and Gaussian curvatures of the equielectrostatic potential surface.
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Fig. 24. HRTEM image of the activated Ni-CAT-1 taken at 120 kV.

The HRTEM images are accompanied with fast
Fourier transform (FFT) diagrams of the corresponding areas indicated by arrows (Figure 26). It
corresponds to the projection of the pores along
the <001> direction, which allowed the determination of the unit cell lattice parameter of a = 2.02
nm. This ﬁnding is in agreement with the value
obtained from the single crystal data analysis of
Co-CAT-1 (a = 2.21 nm) and the one obtained from
the X-ray powder diffraction study of Ni-CAT-1
(a = 2.19 nm). Fringes perpendicular to the pore
walls can be clearly seen in the region enclosed
right square of Figure 26. The arc line reﬂection
labeled by the 001 reﬂection shown in the FFT
pattern in the inset of top right of Figure 26 demonstrates the wavy feature of the fringes perpendicular
to the pore walls, which can be clearly identiﬁed in
Figure 27a, indicating the ﬂuctuation of the Ni
atoms. It can be roughly deduced that the curvatures of the lattice fringes along c directions were
±15° through the analysis of the half maximum fullwidth of the intensity of 001 arc line reﬂection. The
average spacing between these wavy fringes, calculated from the FFT patterns, is about 0.32 nm,
which corresponds to the inter-layers distance
(0.33 nm according to the X-ray data). The comparison between the HRTEM and simulated images
looking through the [001] direction is shown in

Fig. 25. (a) High-magniﬁcation HRTEM image showing the terminal structure of activated Ni-CAT-1 as indicated by arrows. (b) Simulated
TEM image and (c) 2D model of the structure.
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terminal structure of a crystalline MOF is observed.
This terminal structure of activated Ni-CAT-1 can be
clearly observed in Figure 25a as indicated by the
arrows. The simulated image and the proposed
layered 2D model being geometrically optimized by
using molecular mechanics with the MM + force
ﬁeld method are inserted Figure 25b. However, this
model is slightly different from the structure of the
as-synthesized single crystal deduced by synchrotron radiation XRD analysis. The main differences
are in the area assigned to the position of the metal
atoms of the interlayer complexes. This fact suggests small changes might happen probably in the
orientation of the complexes after the activation
process and under the acquisition conditions (high
vacuum) for the HRTEM image.
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Fig. 27. FFT image demonstrating the wavy characterization of the edges perpendicular to the pore walls and the comparison between the
HRTEM and simulated images looking through the [001] direction is shown on the right.

Figure 27b. The characteristic six black dots and
the small circle inside, which are labeled by the
white circles in both HRTEM and simulated images,
match well, further verifying the proposed changing
of the structure (Figure 25b).

It is also a challenge to observe MOFs by using
STEM due to a focused beam that has a higher beam
density than in transmission electron microscopy
(TEM) mode. Typically, zeolites and mesoporous
silicas are damaged much faster in STEM mode than
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Fig. 26. High-magniﬁcation HR-TEM image of Ni-CAT-1 taken at 120 kV, the inset images are the fast Fourier transform (FFT) analysis of the
corresponding areas indicated by arrows.
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Fig. 28. Electron energy loss spectroscopy (EELS) spectrum with
the annular dark-ﬁeld scanning transmission electron microscopy
(ADF-STEM) image taken under 60 kV shown in the inset.

structures (termed IRMOF-74-I to XI) with the dimension of the pore apertures ranging from 1.4 to
9.8 nm. Figure 29 shows the HRTEM images of
IRMOF-74-VII (Figure 29a) and IRMOF-74-IX
(Figure 29b) taken from the incident electron beam
parallel to the channel directions. Ordered pores of
6 ‘member-ring’ (surrounded by 6 channels) arranged
in a hexagonal structure are clearly resolved. The
inserted images in the left topside of Figure 29a and b
are the FFTs of the corresponding square areas. Six
reﬂection spots corresponding to the 110 reﬂections
can be clearly identiﬁed from the FFT patterns, from
which the d-spacings were measured (3.95 and 5.57
nm for IRMOF-74-VII and IX, respectively). These
values are in good agreement with the d-spacing
values derived from the x-ray crystal structure analysis
(4.59 and 5.69 nm for IRMOF-74-VII and IX, respectively). Defects formed in 4 ‘member-ring’ (surrounded
by 4 channels) and 8 ‘member-ring’, (surrounded by 8
channels) can seldom be found but are observed here
as shown in Figure 29c.
Understanding the surface structure of MOFs is
becoming increasingly important as MOFs start to
ﬁnd market-place applications. Fischer and Schmid
[92] recently reviewed the importance of MOF interfaces and highlighted the need to better understand
and characterize the nature of the sites found on
the external surface, and Bradshaw et al. [93]
focused on composite MOFs.
Both reviews emphasized the need for input from
computer modeling, which is the focus of some
current work [B. Slater, unpublished results].
Chizallet et al. [94,95] have demonstrated through
computational studies complemented by experimental data, especially IR, that the external surface
of MOFs could act as a potent catalyst. There is still
a debate about the structure of MOF surfaces, but
work by Anderson and Attﬁeld and co-workers
[96–100] has provided clear evidence of the structure of, for example, ZIF-8. In Ref. [100], by performing time-resolved in situ AFM, it was shown
that by comparing height differences measured
from AFM for the ZIF-8 structure, the structure
which persisted for longest under activated conditions must be terminated by low coordinate metal
sites–this is a very important result. Knowing the
terminating structure at surface is essential if, for
example, post synthetic functionalization of the
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in conventional TEM mode. Remarkably, for the ﬁrst
time we were able to overcome this challenge and
observe a crystalline MOF material by using STEM at
60 kV. The honeycomb structure of Ni-CAT-1 is clearly
observed in the STEM image (Figure 28a), albeit at
the expense of structural electron beam stability,
which collapsed after the whole scan was complete.
Electron energy loss spectrum shows existences of Ni
(L-edge) and O (K-edge) (Figure 28b).
Another example is the observation of several
members of a series of compounds whose structures
are expanded versions of MOF-74 [89–91], M2(2,5DOT) (M = Zn2+, Mg2+; DOT = dioxidoterephthalate).
These MOF structures are extended from the original DOT link of one phenylene ring (I) to two (II),
three (III), four (IV), ﬁve (V), six (VI), seven (VII),
nine (IX) and eleven (XI) to give an isoreticular
(having the same topology) series of MOF-74
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surface is to be achieved. Of course, the terminating
structure may well depend on the solvent, the
reagents and the physical conditions under which
the MOF is synthesized. Similarly, substrates can be
used to select which face of a MOF grows in order
to create oriented self-assembled mono or multilayers of MOF ﬁlms.
Since MOFs are notionally two-component materials, i.e. containing metal and some organic based
links, at the simplest level, the terminating structure
could contain under-coordinated metals of low coordination and/or under-coordinated organic linker

functionalities. However, the organic link itself may
contain bonding of very varied strengths, suggesting
that it could expose different terminating structure.
As already discussed, Attﬁeld et al. showed that
ZIF-8 terminates with low coordinate zinc ions. In
reality, those zinc ions are likely passivized by
solvent ligand, neutral HMeIm (where MeIm is
methyl imidazolate) units or negatively charged
MeIm units, but there is no experimental evidence
to indicate whether one or all of these units are
present at the surface. By inference from Attﬁeld’s
AFM work, it seems likely that solvent or neutral
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Fig. 29. HRTEM images of (a) IRMOF-74-VII and (b) -IX, respectively. The corresponding FFT diffraction patterns of the dashed square area
in the original images. (c) Defects formed in 4 ‘member-ring’ (surrounded by 4 channels) and 8 “member-ring”.
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the surface will help to shed light on the complex
nature of the MOF surface. We speculate here that
solvent and solvent polarity may play a role in stabilizing a particular MOF surface structure.

Surface selective structural details by
SEM and AFM
Achieving nanometre resolution of insulating,
fragile materials employing low voltage SEM

Usually, magnetic lenses are used in modern SEM.
The typical trajectory of an electron (ray path) is
illustrated in Figure 30a. Here, a magnetic lens
changes the electron trajectory, and forms small

(1) One piece is entirely terminated by lowcoordinate metal ions whilst the other piece
is terminated by links of under-coordinated
functionalities.
(2) Equal numbers of low-coordinated metal and
under-coordinated functionalities are present
on both pieces.
(3) Unequal numbers of both of these are present
on both pieces.
2 and 3 are expected to be more plausible than
outcome 1, since that results in two charged and
hence unstable pieces that would require passivation by a solvent or some other chemisorbed
species. Outcome 3 results in partially charged
pieces that again require passivation. Outcome 2
results in charge neutral pieces and is expected to
be most thermodynamically stable in the absence of
solvent effects. In the ﬁrst direct imaging of a MOF
surface, CAT-1, it appears outcome 2 arises.
However, Attﬁeld’s results suggest outcome 1. In the
case of ZIF-8, this leaves open the question of what
happens to the positive charge on the zinc terminated structure–presumably it has chemisorbed
solvent or mother-liquor species bound to it to help
stabilize the cationic surface. Another possibility is
that the residual positive charge may partially delocalize within the structure. Calculations to investigate the atomic structure and electronic structure of

Fig. 30. Trajectories of primary electrons (ray paths) and
trajectories of signal electrons. Ray paths of primary electrons
without substrate bias (a) and with substrate bias (b). Focal length
of primary electrons is signiﬁcantly shorter for (b) than for (a).
Trajectories of backscattered electrons (BSEs) without substrate
bias (c) and with substrate bias (d). Trajectories of secondary
electrons (SEs) and BSEs with substrate bias and grid bias (e). The
grid separates electrons to UED or USD depending on their kinetic
energies larger or smaller than the Grid-bias voltage, respectively.
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HMeIm units decorate the surface since the negatively charged MeIm units would form a strong
bond with the zinc which would provide strong resistance to the AFM tip.
It is interesting now to examine the ﬁrst example
of imaging a MOF surface, CAT-1 shown in
Figure 25. From this image, the surface structure is
deduced to contain both low coordinate metal and
under-coordinated oxygen but no uncoordinated
functionality of the organic ligand. The particle
itself is, in the absence of point defects, likely to be
charge neutral. If one imagines tearing apart a MOF
material into two pieces, the weakest bonds will
break ﬁrst and these are likely to be the bonds from
the metal to the organic linker. Three possible
structural outcomes are possible from physically
cleaving the MOF crystal to yield two pieces of
MOF:
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makes detection of low energy BSEs difﬁcult. The
substrate bias change trajectory of BSE: trajectory is
almost parabolic near the substrate, and directions
of BSEs are modiﬁed to upwards, making them go
into the SEM column (Figure 30d). In addition, these
BSEs are accelerated by the electric ﬁeld, which
makes detection of these BSEs easy. These enable
detection of BSE inside the column with a shorter
working distance and a small diameter of primary
beam even at low landing energy of impact electrons. Thus we have overcome traditional problems
in BSE.
Furthermore, some of the equipment has an
energy ﬁlter (Grid) inside the column. Instruments
we used are JSM-7800F and JSM-7100F TTL (JEOL
Ltd.) which have an upper electron detector (UED)
and an upper secondary electron detector (USD)
inside a SEM column as well as a lower electron detector (LED) outside of the column (Figure 30e).
Between UED and USD, a grid is placed, which
allows simultaneous detection of energy selected
electrons at low landing energy of primary electron,
as well as traditional SE detection using LED: the
grid works as a high pass ﬁlter for UED so that
mainly BSEs with high energy can be selectively
detected with UED, and SEs with low energy can
be reﬂected by the grid so that USD can mainly
detect SEs. These supply not only endurance for
charging but also various kinds of information.
One example of utilizing such a detecting system
is shown in Figure 31, where the two micrographs
are taken with the same landing and primary

Fig. 31. Electron energy selected images of Au@Carbon with different grid bias. (a) grid bias = −0.6 kV and (b) grid bias = −1.49 give
information obtained close to that of SE and BE. Therefore (a) and (b) give topographic and elemental (Z-contrast) information, respectively.
The gold particle is highlighted by bright contrast in (b). Conditions: JSM-7800F (JEOL Ltd.) primary electron energy = 1.0 keV; specimen
bias = 500 V; electron beam current: 63 pA.
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electron probes on a sample. When a bias voltage is
applied to the specimen substrate, an electrostatic
ﬁeld is produced between the magnetic lens and
substrate. This electrostatic ﬁeld constitutes a bi potential lens, which is a convex lens for electrons.
This lens works for both impact electrons to the
sample and outgoing electrons from the specimen.
Furthermore, this lens decelerates impact electrons
to the specimen and accelerates outgoing electrons
from the specimen. A typical ray path with the substrate bias is illustrated in Figure 30b. As shown
here, by the electrostatic ﬁeld, focal length can be
signiﬁcantly shorter with substrate bias than
without it. Generally, shorter focal length makes
chromatic and spherical aberrations smaller. A lens
using both electrostatic ﬁeld and magnetic ﬁeld is
known as an electromagnetic lens, which was ﬁrst
introduced by Rau [101]. Several others also realized electromagnetic lenses using various methods
[102–105]. In addition, the substrate bias also
improves efﬁciency in collecting BSEs and SEs.
Without strong electrostatic ﬁeld between a magnetic lens and a substrate generated by substrate bias,
trajectory of BSE is rather straight, which makes
most BSEs not going into SEM column (Figure 30c).
Thus, a conventional high efﬁciency BSE detector
should be placed between a substrate and a magnetic lens (Figure 30c), making both the working distance and the focal length long, and degrading the
diameter of primary beam. In addition, the detection
efﬁciency of the conventional BSE detector signiﬁcantly decreases at low acceleration voltage, which
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Fig. 32. High-resolution image of the Au@Carbon, with the Au
particle marked by arrow. Conditions: Landing energy = 0.3 keV;
Specimen bias = 5.0 kV.

surface with a layer whose thickness becomes nonnegligible at low landing energies.
Crystal growth from surface structure by AFM
and HRSEM

Studies on the growth of crystals have been carried
out for a quite long time. Knowing the nanoscopic
structural detail is vital to understand not only how
crystals grow perfectly, but also, more importantly
for today’s applications, (i) how crystal growth goes
wrong and defects are incorporated, or (ii) how
crystals switch growth mode at the unit cell scale
forming crystal intergrowths that could ultimately be
controlled at this scale thereby fashioning crystals
with multiple functionality. In the last 10 years
crystal growth studies have been transformed with
the development of scanning probe microscopies
that, for the ﬁrst time, permit in situ observation of
molecular details in solution under growth conditions. Scanning tunnelling microscopy (STM)
readily achieves atomic resolution but usually under
high vacuum conditions and requires conducting
samples. In order to observe processes under solution conditions, on any crystal type, AFM is the technique of choice. This technique readily achieves
Ångstrom vertical resolution and nanometer lateral
resolution that is ideal for observing terrace growth
at crystal surfaces as the terraces reﬂect a similar
aspect ratio. However, it is also possible to achieve
true atomic resolution, and indeed sub-atomic resolution, by careful choice of cantilever and operation
of the microscope. Ultimately AFM has superior
lateral resolution to STM, although achieving this
under solution conditions is at the forefront of
current technology and needs considerable development. As a consequence of these and other breakthroughs in technology (for example HRSEM), it is
now possible to map precisely how crystals develop
with the prospect of creating designer crystals
honed precisely to end user requirements.
M. Anderson et al. reported the ﬁrst use of AFM to
study the growth mechanism in a zeolite [110]. Since
that ﬁrst publication we have been developing a
methodology that uses a variety of techniques in
order to probe the rather complex train of events
during the crystallization of a nanoporous material.
The approach combines both experimental and theoretical methods. Experimentally it is crucial to
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electron energy. The detection system allows simultaneous detection of SE using USD, producing topographic contrast, and BSEs producing Z (atomic
number) contrast using UED. Grid bias voltage and
substrate bias voltage select the energies and angles
of electrons, which can be detected by UED and
USD. This allows further tuning of the contrasts.
The yolk-shell materials imaged contain hemispherical shells made of carbon and catalyst particles
made of gold (Au@Carbon). This structure allows efﬁcient stabilization of the metallic cores at high temperature conditions, while maintaining high catalytic
activity. The high structural and compositional deﬁnition of yolk-shell particles make these kinds of material ideally suited for studies in heterogeneous
catalysis [106–109].
It is possible to obtain clear images at high magniﬁcation with substrate bias as shown in Figure 32.
The landing energy is so low that the detected information only comes from the very surface of the
material, and thus the topographic feature is highly
enhanced. Together with the enhanced the topography is the weakened Z contrast, which can be
seen by the similar brightness from the gold particle and the carbon shell. In principle some contrast should be observed due to the different
energy-dependency of the secondary electron yield
for different elements. However the unavoidable
contamination inside the SEM would cover the
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process. We have also been developing HRSEM
such that we are the ﬁrst team to demonstrate that
it is possible to observe sub-nanometer growth features at the surface of non-conducting framework
materials without having to coat the surface with a
conducting ﬁlm [6,114–116]. We have demonstrated
by using a combination of HRSEM and AFM on the
same crystals that any electron beam damage is
conﬁned to sub-surface layers and therefore does
not interfere with delicate surface structures [116].
Figure 33b shows both HRSEM and AFM measurements taken on the same crystal (zeolite A, LTA)
and in the same place on the crystal, grey image is
the HRSEM and orange image AFM (quite a technical achievement). This allows us to rapidly screen
complex crystal surfaces that may be twinned or
highly inter grown and rather difﬁcult to tackle by
AFM. Another advantage of this technique over AFM
is the enhanced lateral resolution achieved at
terrace edges, which is superior using HRSEM. This
technique is, therefore, a key input for the modeling
studies that simulate details of surface structure. We
have also demonstrated, for the ﬁrst time, that by
slicing micron-sized crystals with an Ar ion beam

Fig. 33. AFM images of: (a) interlaced spiral on aluminophosphate STA-7; (b) zeolite A, LTA, recorded by both AFM and HRSEM; (c) Monte
Carlo simulation of LTL; (d) in-situ ZnPO4 growth FAU structure; (e) exothermic nano-chemistry highlighted by lateral force microscopy on
ZnPO4 with SOD structure; (f and g) in situ dissolution zeolite LTL.
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follow both solution speciation as well as the development of the solid-state phase. The solution speciation has been targeted by a combination of mass
spectrometry (MS) and NMR [111–113]. These techniques are complementary with MS, delivering fast
temporal identiﬁcation of solution species with
limited speciation resolution, and with NMR, providing accurate speciation identiﬁcation at the expense
of a longer spectral collection time. Together these
techniques can disentangle the rather complex solution chemistry of oxide precursors. Development of
the solid, crystalline phase can then be studied by a
combination of HRTEM, HRSEM and AFM. HRTEM
is used to identify the termination structure at the
crystal surface and the type and number of internal
defect structures [57].
Understanding the incorporation of defects is critical for the understanding of crystal growth as any
model developed must be able to account not only
for the regular crystal structure but also for the inclusion of well-deﬁned defects. In framework structures the defect signatures are particularly varied
and unique to different crystal systems and consequently act as very important guides to the growth
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where chemical activity is taking place can be
directly targeted and highlighted by monitoring
the energy imparted from the crystal surface to the
AFM tip during a local exothermic or endothermic
process (see Figure 33e). This is a tremendous
breakthrough and is a general phenomenon that we
have now observed across many crystal systems.
This offers tremendous potential to delineate the different energetics at different growth sites discerned
at the nanoscale. The same paper also shows, for
the ﬁrst time, extraction of accurate activation energies for speciﬁc nanoscopic processes during the
chemical transformation of a zeolite surface. Until
now it has only been possible to determine activation energies for bulk (average) crystal growth phenomena experimentally. Having access to activation
energies for speciﬁc processes gives the possibility
to turn some processes off or on selectively. Such
control is exactly what is required in order to tune
defect structures and defect concentration, intergrowth structures and ultimately gross morphological change such as in the production of single crystal
thin ﬁlms.
In a recent paper [59] we made an exciting discovery with enormous potential ramiﬁcations for crystal
growth studies in general. The AFM works by tracking a sharp needle (tip) across a surface with atomic
precision thereby tracking the surface topography–
essentially creating a topographic map where the
contours can be measured in nanometers. The force
between this tip and the surface can be controlled to
nano-Newtons and we were aware that, depending
on the force, the tip could play a role in the crystal
growth process. In usual operation we try to eliminate this contribution from the tip so that we reveal
the underlying fundamental crystal growth process.
However, we showed recently that it is possible to
use the tip in a proactive manner to unstitch the
crystal, nanoscopic-unit by nanoscopic-unit. As each
unit is decoupled from the crystal there is an associated energy that is imparted to the AFM tip and
can be measured. Further, the persistence of each
unit before it is decoupled gives a measurement of
the stability of the unit. It is somewhat akin to the
use of AFM to unfold proteins via ‘nano-ﬁshing’ and
extracting the associated energies [124], which has
revolutionized the study of protein folding. So now
we have available a technique that can probe all the
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that it is then possible using HRSEM to observe internal faulting structures that hold clues to the
crystal growth history [117,118].
However, AFM is the most versatile and powerful
technique for exploring crystal growth from a
solution environment and we have been at the forefront developing the full potential of this tool
[59,99,110,119,120].
Nanoporous materials grow in environments from
quite mild and benign to extremely aggressive. In
the extreme this ranges from near room temperature in an aqueous pH 7 or simple organic solvent
environment at one atmosphere pressure to in
excess of pH 13, 220°C and tens of atmospheres
pressure. In order to cover this complete range of
conditions for AFM measurement we have developed a dual strategy. For conditions of temperature
and pressure inaccessible to the AFM crystals are
prepared ofﬂine but carefully quenched in order
to preserve surface structure. The AFM is then
performed on crystals in an ex situ manner. This
strategy gives the greatest ﬂexibility in terms of
structure and conditions; however, some very rapid
and crucial steps can be lost during the quenching
step. Therefore, where possible, in situ studies are
preferred. We have shown that some systems are
particularly amenable to in situ study, including
most metal-organic framework (MOF) systems, zinc
phosphate analogues of aluminosilicate framework
structures, and dissolution rather than growth
studies of aluminosilicates [59,97,98,121–123].
Figure 33 illustrates some of the power of AFM to
tackle crystal growth problems and all these illustrate ﬁrsts within the ﬁeld: a movie of a Frank-Reed
Dislocation Loop on ZIF-8; a movie of a Spiral
and Birth-and-Spread Growth on ZIF-8; a movie of
interlaced spiral growth on zincophosphate (SOD)
[101]; a movie of multiple interlaced spiral growth
on zincophosphate (SOD) [101]; a movie of spiral
birth-and-spread growth on zincophosphate (SOD)
[112]; a movie of zeolite A dissolution; a movie of
zeolite L dissolution with lateral deﬂection highlighting chemistry; a movie of birth-and-spread growth
on zincophosphate (FAU) [112]; and a movie of anisotropic friction and growth highlighted in lateral
force (ZnPO-SOD).
A particularly important recent publication [59]
has further demonstrated that the nanoscopic region
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Concluding remarks
Electron microscopy approaches have been developed not only for studying the three-dimensionally
periodic average structures of crystals, but also for
characterizing various structural modulations inside
crystals from their average structures. In particular,
the techniques offer a powerful means of identifying the microscopic details at the termination of the
crystal surface.
Theoretical models have been employed for
studying the incommensurate modulation and the
structure transformation in zeolite SSZ-24, and also
for studying the formation of mesoporous silica
with dodecagonal quasicrystalinity and morphology.
Surface topological information, localization of
metal nanoparticles in nanoporous materials and
direct observation of pore-openings of MOF are successfully shown by developing low voltage HRSEM,
which is especially powerful for observing surface
features of non-conducting materials without
coating surface with conducting particles.
Direct observations of pore arrangements, defects
and EELS have successfully shown for the ﬁrst time
from very electron beam sensitive MOFs, which will
give invaluable information of designing novel MOFs.

Crystal growth processes have been elucidated in
a scale of building units of nanoporous crystals by
combining AFM and HRSEM measurements on the
same crystal and in the same place on the crystal. It
has been shown that nanoscopic region where
chemical activity is taking place is directly targeted
and that an associated energy to unstitch a building
unit of crystal (zeolite L) has been imparted to the
AFM tip, which gives a measurement of the stability
of the unit.
As a whole, the power and importance of microscopy for the structural study of nanoporous materials have been exhibited.
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individual sub-steps in a crystal growth process and
should be applicable across all crystal classes. The
paper also describes in detail a coarse-grained
Monte Carlo approach to the modeling of zeolite L
growth that accurately predicts, for the ﬁrst time,
crystal habit, aspect ratio and surface structure in
terms of energies of attachment and supersaturation
(see 2D and 3D movies). This permits both the calculation of meta-stable local-equilibrium crystal
shapes and surface structures as well as the effect
of raised or lowered supersaturation. Consequently,
we can now follow the course of a crystallization
from high supersaturation, monitoring habit and
surface topography by HRSEM and AFM, through to
near equilibrium, and model the process in order to
extract the relevant crystal attachment energies. At
present the computer codes that have been developed in Manchester are hard-wired to speciﬁc
crystal systems, such as zeolite A; however, we are
now developing general algorithms for any crystal
system.
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