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T
he physical properties of nanoparticles
are determined by a balance between
effects brought by size reduction and

by their crystalline structure.1,2 Controlling
simultaneously not only the size but also
the quality and type of crystal is therefore
a fundamental issue at the root of many
aspects in nanosciences. In this context,
understanding the formation of nanocryst-
als becomes especially crucial regarding
syntheses of oxide nanoparticles in aqueous
solution and at room temperature. Indeed,
the syntheses of oxides by “soft chemistry”
involve a variety of reactions between the
precursor metal ions and water or hydroxyl
groups (e.g., hydrolysis, condensation, ola-
tion, oxolation), leading to numerous pos-
sible metastable chemical and structural
intermediates.3 In particular, there are nu-
merous examples of “large” oxide nano-
particles (>30 nm) made of agglomerates
of smaller crystalline primary grains, which
therefore require thermal annealing to favor
coalescence into single nanocrystals.4�9

The syntheses of crystalline oxide nano-
particles are therefore good candidates to
elucidate the relation between the possible
intermediate states and the final nanocryst-
als. In particular, the complexity of the reac-
tion provides a favorable ground to tackle
the cases where the nucleation of the nano-
particles deviate strongly from the so-called
“classical nucleation theory”. This empirical
description of nucleation assumes indeed
that concentration fluctuations in the pre-
cursor solution lead to nuclei which already
show the final crystalline structure.10 How-
ever, the quantitative failure of this des-
cription has outlined the critical role of
intermediate states:11 following a principle
of least effort, concentration fluctuations
would lead first to liquid dense intermedi-
ates (regions more concentrated in solutes),
from which the crystals would then nucle-
ate after structural order fluctuations. The
observation of intermediate stages is
however hampered by the lack of space
and time resolution: calcium carbonate
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ABSTRACT The development of functional materials by taking advantage of

the physical properties of nanoparticles needs an optimal control over their size

and crystal quality. In this context, the synthesis of crystalline oxide nanoparticles

in water at room temperature is a versatile and industrially appealing process but

lacks control especially for “large” nanoparticles (>30 nm), which commonly

consist of agglomerates of smaller crystalline primary grains. Improvement of

these syntheses is hampered by the lack of knowledge on possible intermediate,

noncrystalline stages, although their critical importance has already been outlined in crystallization processes. Here, we show that during the synthesis of

luminescent Eu-doped YVO4 nanoparticles a transient amorphous network forms with a two-level structuration. These two prestructuration scales constrain

topologically the nucleation of the nanometer-sized crystalline primary grains and their aggregation in nanoparticles, respectively. This template effect not

only clarifies why the crystal size is found independent of the nucleation rate, in contradiction with the classical nucleation models, but also supports the

possibility to control the final nanostructure with the amorphous phase.
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and phosphate are the rare systems where cryo-TEM
has allowed imaging stable prenucleation clusters12

and their subsequent aggregation into nanopartic-
les.13,14 Inversely, the coalescence of primary nano-
crystals of magnetite into single nanoparticles has
been captured but not the formation of the primary
crystals themselves.15

Here, we elucidate the formation of luminescent
Eu-doped YVO4 nanoparticles from aqueous ionic
precursors. In situ X-ray scattering and fluorescence
techniques allow following the formation of the nano-
crystals in the 0.5 s to 1 h range, with subsecond time
resolution. We demonstrate the formation of a transi-
ent amorphous network which already shows two
characteristic sizes in the nanometer range and follow-
ing the relation between this prestructuration and the
final nanoparticles after crystallization. This not only
elucidates why the crystal size is found independent of
the nucleation rate, in contradiction with the classical
mechanisms of ion-by-ion formation,10,16�18 but also
supports the possibility to control the final nanostruc-
ture with the amorphous phase.

RESULTS

To tackle this problem, we have used as a model
experimental system the synthesis in aqueous solution
of luminescent Eu-doped YVO4 nanoparticles. Charac-
terizations by transmission electron microscopy (Cryo-
TEM and HRTEM, Figure 1a�d) and by small- and wide-
angle X-ray scattering (SAXS/WAXS, Figure 1e) both
reveal that the final nanoparticles have a mean di-
ameter of 40 nm and are themselves composed of
crystalline primary grains with a mean diameter of
2 nm. At larger scattering angles, the (101), (200), and
(112) Bragg peaks of the YVO4:Eu crystalline phase are
identified. This two-scale morphology (nanoparticles
made of smaller crystalline primary grains) is represen-
tative of that of other nanoparticles synthesized in
aqueous solution such as TiO2, ZrO2 (Figure 1f,g and
Supporting Information 1), YAG, ZnO, or CeO2.

4�9

Furthermore, electron diffraction demonstrates that,
in the final YVO4:Eu nanoparticles, the (200) and (112)
planes propagate at the scale of several crystalline
primary grains (Figure 1c,d). Although electron diffrac-
tion data are not available for all other above-
mentioned oxides, we note that this property has been
reported for some ZrO2 syntheses6 and numerous
biominerals.19 Looking for a possible common forma-
tion process, we considered Eu-doped YVO4 as a
convenient model system since (i) the red lumines-
cence of the Eu(III) ions upon transfer of UV excitation
from the YVO4 matrix is a convenient probe for the
quality of the crystalline lattice (Figure 1h), (ii) the nano-
structure determines strongly the physical properties.20

These nanoparticles are used as precursors for thin trans-
parent luminescent films or as biological probes.21�24

For these nanoparticles, the multiscale nanostructure

determines the luminescence response of each indivi-
dual nanoparticle through the efficiency of surface inter-
actions (which enhances sensitivity to probe solutes), the
effective dielectric constant of each nanoparticle, the
numberof active Eu(III) emitting centers per nanoparticle,
and the crystal quality of the primary grains which
controls the efficiency of the excitation transfer from
the YVO4 matrix to the Eu(III) emitting centers.20,25

The nanoparticles are synthesized by coprecipita-
tion, mixing (i) an aqueous solution of yttrium and
europium nitrates and (ii) an aqueous solution of
sodium orthovanadate at pH = 12.5.26 Upon addition
of the yttrium�europium solution, the clear vanadate
solution turns white and turbid. After typically 1 h of
reaction, an aqueous dispersion of crystalline, lumines-
cent Eu-doped YVO4 nanoparticles is obtained. In order
to elucidate the formation of both characteristic sizes
and their emergence from the homogeneous reactive
solutions, we have followed the syntheses by in situ

time-resolved SAXS/WAXS coupled with fluorescence
spectroscopy (Figure 2 and Figure 3). SAXS/WAXS
allows probing the correlations in electron densities

Figure 1. Characterization of multiscale nanoparticles. (a)
Cryo-TEM pictures of Eu-doped YVO4 nanoparticles (scale
bar: 25 nm). (b�d) HRTEM of a single nanocrystal observed
along a [021] zone axis with the corresponding FFT and the
calculated diffraction pattern (scale bar: 25 nm). (e) Corre-
sponding small- andwide-angle X-ray scattering patterns in
solution. The crossover regime atq=10�2 Å�1 is assigned to
the size of the nanoparticles (Ædæ= 30 nm), and the crossover
regime at q = 1.5 � 10�1 Å�1 to the primary grains (Ædæ =
2 nm). (f,g) TEM pictures of TiO2 and ZrO2 nanoparticles
(scale bars: 50 nm). (h) Fluorescence spectrum of a YVO4:Eu
nanoparticle solution excited at 280 nm.
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over 3 orders of magnitude in distances, down to
the angstrom, in a millimeter-sized sample of liquid
(containing typically 1011 nanoparticles) without spe-
cific preparation. Our setups achieve a time resolution
of 100 ms for reaction times below 4 s and a time
resolution of 2 s for reaction times above 4 s (see
Methods). After mixing the precursors, the scattered
intensity expressed as a function of the wavevector
q = 4π/λ sin θ, where θ is half the scattering angle,
presents two characteristic features which are observed
between the shortest measurable time (t≈ 400 ms) and
a reaction time of 2 min: (i) at small angles, an increase
of the scattered intensity by more than a factor of 106

with respect to the precursors (Figure 2 and Supporting
Information 2), characteristic of large (d > 100 nm)
structures; (ii) a broad signal at q = 2 Å�1 (Figure 3a).
This broad signal is assigned to the formation of an
amorphous phase, that is, a phase which lacks transla-
tional order beyond distances estimated to 2π/Δq =
0.5 nm (with Δq the full width at half-maximum of
the peak). The SAXS/WAXS patterns therefore demon-
strate that an amorphous network forms faster than
400 ms.
We highlight that the decay of the scattering inten-

sity with q is not featureless (Figure 2 and Supporting
Information 2). Instead, two broad oscillations are ob-
served, centered at q = 4 � 10�2 and 4 � 10�1 Å�1,
respectively, which unveil that this transient amor-
phous network shows two characteristic sizes. The
sizes of these structures are determined by fitting the
SAXS pattern with the so-called unified equation27

(Supporting Information 3), which describes a three-
level organization (nanometer-size structures, which
are organized into larger structures, themselves orga-
nized into bigger aggregates). We find that the smaller
structures present a radius of gyration of 0.5 nm,
agglomerated into bigger aggregates with a radius of
gyration of 14 nm. Both structures are directly obser-
vable by transmission electron microscopy in mixtures

of precursors quenched in liquid ethane after 56 s
of reaction (cryo-TEM, Figure 4). The smaller size
(q = 0.4 Å�1) is assigned to nanometer-sized elementary
clusters (Figure 4b), which are organized into fractal
aggregates. The larger size (q = 0.04 Å�1) is assigned
to the section of the fractal aggregates (Figure 4a).
Furthermore, the size of the elementary clusters coin-
cides with the coherence distance estimated from the
width of the WAXS pattern (0.5 nm). This suggests
that the amorphous network may consist of identical
clusters, which only lack mutual orientational order (as
opposed to a network which consists of clusters which
show structural disorder, i.e., distribution in bond angles
and lengths). As the WAXS pattern in the 1�3 Å�1

range is not consistent with the calculated pattern for
small YVO4 crystals, even as small as 0.5 nm in radius
(Supporting Information 4), we discard the situation
where the elementary clusters would be YVO4 units
which already show the structure of the final crystal.
Instead, the formation of the final nanoparticles must
involve some local structural rearrangements in the
amorphous network below the 0.5 nm scale.
During the first 2 min of reaction, no Bragg peak

assigned to YVO4 at q > 1 Å�1 is observed, which
indicates the absence of nanocrystal formation
(Figure 2 and Figure 3a). After an induction time of
135 s, three simultaneous evolutions in the SAXS/
WAXS patterns are observed (Figure 2, Figure 3a, and
Supporting Information 5): (i) The signal assigned to
the atomic-range correlations in the amorphous phase
(q = 2 Å�1) vanish, while the intensity of the Bragg
peaks of the YVO4:Eu crystals increases. This shows the
progressive conversion of the amorphous network into
crystalline nanoparticles. Accordingly, the fluorescence
intensity increases (Figure 3b) as the excitation transfer
from the YVO4 matrix to the Eu(III) ions is enhanced. (ii)
The scattering assigned to the elementary clusters
decreases (q = 4 � 10�1 Å�1, Figure 2), while the
intensity assigned to the scattering by the crystalline

Figure 2. Time-resolved small- and wide-angle X-ray scattering of the aqueous solution during the formation of the
nanoparticles. The emergence of the crossover regimes at q = 10�2 Å�1 and q = 1.5� 10�1 Å�1 (arrows) is the signature of the
formation of the crystalline primary grains and nanoparticles, respectively. See also Supporting Information 5.
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primary grains increases (q = 2 � 10�1 Å�1, Figure 2,
right arrow and Supporting Information 5). (iii)
The broad oscillation assigned to the agglomerates
of elementary clusters (q = 4 � 10�2 Å�1) shifts to
smaller q values until the scattering assigned to the

nanoparticles is observed (q = 1.5� 10�2 Å�1, Figure 2,
left arrow and Supporting Information 5).
This qualitative survey of the SAXS data proves the

progressive conversion of the amorphous, structured
network into crystalline primary grains and nano-
particles (Figure 5). Cryo-TEM obtained after 32 min
of reaction confirms the formation of a large-scale
network of crystalline nanometer-sized primary grains,
where the 40 nm nanoparticles emerge as substruc-
tures (Figure 4c,d). A quantitative treatment of the
scattering data highlights how the prestructured
amorphous phase determines the final sizes of the

Figure 3. Evolution of the primary crystalline grains with
time. (a) Zoom of the SAXS/WAXS patterns above 1 Å�1. (b)
Total luminescence intensity upon excitation at 280 nm and
integrated between 550 and 730 nm (;) and intensity of
the (200) reflection observed at q = 1.7 Å�1 (- - -), both
normalized with respect to the value obtained at 62 min
15 s. Radius of gyration of the primary grains (blue) and of
the nanoparticles (red) from the fit of the SAXS/WAXS
patterns as indicated in the text and Supporting Informa-
tion 3. For clarity, only one symbol out of 10 is plotted. Error
bars are 99% confidence intervals for the fits (see Support-
ing Information 3). (c) Nucleation rate of the primary crystal-
line grains for the synthesis at pH= 12.5 (top) and at pH = 13
(bottom). Upon increase of pH, the maximum nucleation
rate is divided by a factor of 20, whereas the crystal size
remains constant within experimental error.

Figure 4. Cryo-TEM pictures of precursor mixtures
quenched after (a) 56 s (scale bar: 200 nm); the arrows
indicated the larger-scaleprestructurationof the amorphous
phase; (b) 56 s (scale bar: 20 nm); the arrow indicate one
elementary cluster; (c) 32min (scale bar: 200 nm); the arrows
indicate a formed nanoparticle: (d) 32min (scale bar: 20 nm);
the arrow indicates a primary crystalline grain.

Figure 5. Proposed illustration of the structure evolution
during the amorphous-to-crystal conversion of the nano-
particles. Gray oval: elementary clusters. Red ovals: lumi-
nescent crystalline primary grains.
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nanoparticles (Supporting Information 3). For each
reaction time, the SAXS pattern (q < 1 Å�1) of the
already crystallized nanoparticles is extracted after
subtraction of the appropriate fraction of the amor-
phous phase, as evaluated from the WAXS part
(q > 1 Å�1) by fitting the pattern with a linear combina-
tion of a reference pattern of the amorphous phase
(taken at t = 15 s) and of the crystalline nanoparticles
(t= 62min 15 s). This signal extraction allows fitting the
SAXS pattern of the nanoparticles alonewith the three-
level unified equation27 as above (Supporting Informa-
tion 3) to capture the organization of the crystalline
primary grains into nanoparticles and the aggregation
of nanoparticles into larger structures. The treatment
of the WAXS and SAXS data therefore provides (i) the
progress of the amorphous-to-crystal conversion,
which is in good agreement with the evaluation ob-
tained independently by the fluorescence intensity,
and (ii) the characteristic sizes of the already formed
primary grains and nanoparticles (Figure 3b).
As a result from fitting SAXS data restricted to the

formed particles with the unified equation, we find that
the mean radius of the nanoparticles made of the
crystalline primary grains progressively increases with
time (Figure 3b). This reflects that the mean number of
crystalline grains which are aggregated into nanopar-
ticles increases (Figure 5b,c).We observe that the larger
characteristic size of the amorphous network (15 nm)
is preserved during the crystallization (Figure 2 and
Figure 4). It suggests that the amorphous network
templates the larger-scale organization of the primary
grains into nanoparticles and their aggregation into
even larger-scale structures (aggregates of nanoparti-
cles, Figure 4c,d). The number of primary grains per
nanoparticles (here, on the order of 1000) is therefore
constrained by the characteristic sizes of the amor-
phous network in which the primary crystalline grains
form.
At smaller scales, we find that the size of the crystal-

line primary grains remains constant (Rg = 1.1 nm, i.e., a
volume estimated to 5.6 nm3, Figure 3b) at about twice
the size of the elementary clusters (0.5 nm, i.e., 0.5 nm3).
This supports that the crystalline primary grains follow
a “popcorn” formation process: about 10 clusters con-
vert into a crystalline primary grain, which amounts
to about 70 YVO4 units (0.08 nm3 per unit from
the crystallographic data of YVO4), with no further
growth. We observe that crystalline growth remains
confined to a few nanometer-sized primary grains,
instead of propagating in the continuous amorphous
network. Furthermore, the nucleation rate of crystalline
primary grains may be decreased bymore than 1 order
of magnitude without changing their final size
(Figure 3c): reactions conducted at higher pH increase
the induction time to 25 min (instead of 2 min) and
decrease and delay the maximum nucleation rate
(rmax = 4 � 1016 primary crystalline grains per second

andper liter of reactive solution at 75min, compared to
9� 1017 s�1 L�1 at 4min; also see details in Supporting
Information 6). This slowing by a factor of 20 leaves the
size of the elementary clusters and of the primary
crystalline grains unaltered within experimental res-
olution (0.5 and 1.2 nm, respectively, as measured by
SAXS).

DISCUSSION

The independence of nucleation rate with final size
demonstrates that the buildup of the crystalline struc-
tural order in the dense amorphous network is not
determined by usual diffusion- or reaction-limited
schemes, which invoke explicitly the rate of conversion
to account for the final size of the object.11 We also
discard size limitation by accumulation of electrostatic
charge,28 as the size is found independent of pH and
ionic strength. Instead, we prove that the size of the
final crystalline primary grain is determined by local,
short-rangeeffects.Wepostulate that the size limitation
of the crystals at the nanometer scale is the signature
of topological constraints: the formation of the nano-
crystals does not follow an atom-by-atom scheme but
involves local reorganization within the elementary
clusters. The activation barrier becomes too high if
the orientation mismatch between the already formed
crystalline lattice and the neighboring clusters is too
important. Thenanometer-sized prestructuration of the
amorphous phase therefore determines the size of the
crystalline primary grain, by constraining the propaga-
tion of the crystalline order.
The elementary clusters that build the amorphous

network are characterized by their size in the SAXS
regime (via the electron density contrast between the
cluster and the solvent) and in the WAXS regime (via
the coherence size). The clusters are therefore indivi-
dually present in the amorphous network and do not
coalesce into a larger amorphous particle, as does, for
example, calcium phosphate after hydrolysis of the so-
called nanometer-sized “Posner clusters” (Ca9(PO4)6).

29

As discussed above, WAXS data demonstrate that the
clusters do not already show the structure of the final
YVO4 nanoparticles (see Supporting Information 4).
Furthermore, it is observed that the WAXS pattern
of the amorphous network is similar to that of the
vanadate precursor solution (Figure 3a and Supporting
Information 2). In the experimental conditions used
for the synthesis (pH = 12.5, [V] = 0.1 mol/L), the
predominant species in the vanadate precursor
is expected to be the pyrovanadate dimer V2O7

4�.30

This is supported, although indirectly, by the similarity
between the experimental WAXS pattern and the
calculated WAXS pattern for clusters of crystalline
K4V2O7 containing eight V atoms (i.e., four pyrovana-
dates; see Supporting Information 4). It finally suggests
that the pyrovanadate precursors may contribute sig-
nificantly to the structure of the amorphous network.
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The structural buildup by reorientation of a less
ordered phase is invoked in the so-called “nonclassical”,
two-step nucleationmechanism:11 following a principle
of least effort, this nucleation model states that the
crystalline phase nucleates from a disordered inter-
mediate dense phase, instead of nucleating directly
from the solution. Two different types of dense liquid
intermediate phases have been proposed:11 either a
liquid�liquid phase separation, as observed by simula-
tion in CaCO3 solutions,31 or liquid-like prenucleation
clusters, as observed experimentally in CaCO3 solution
under saturation.12 We propose that the formation of
the amorphous network observed here follows the
same principle of least effort: the transient liquid dense
intermediate phases preferably form in this case a
dense amorphous network, instead of nucleating di-
rectly the crystalline phase. The amorphous phase
appears as a possible generic additional intermediate
on the way frommetal ions to crystalline nanoparticles,
and we anticipate future theoretical and experimental
studies with sufficient time resolution will consolidate

this universal character in metal phosphates or simple
oxides synthesized in water. Beyond the interest for
synthetic functional nanomaterials, this investigation of
YVO4:Eu nanoparticles is relevant for the fundamental
understanding of biomineralization. The decoupling
between the final shape;dictated by that of the
amorphous phase;and crystal properties at the nano-
meter scale is indeed identified as advantageous in
evolutionary processes.19 Here, we bring a direct de-
monstration of the independence between the nuclea-
tion rate and the final crystal size and morphology and
outline that the constitutive clusters of the amorphous
network do not coalesce into a continuous amorphous
phase prior to crystallization, by contrast to previous
observations in biominerals.29 Elucidating nucleation
mechanisms by studying synthetic systems, even che-
mically distant from calcium carbonate or calcium
phosphate, but which also show nonclassical nuclea-
tion behavior, will certainly prove to be a successful
general approach to elucidate pendant questions in
biomineralization and address their generic character.

METHODS

Syntheses. All chemicals were used as received. Eu(NO3)3 3
5H2O and Y(NO3)3 3 6H2O were purchased from Aldrich, and the
orthovanadate Na3VO4 was from Acros (elemental analysis Na:
27.0 wt %, V: 19.9 wt %, C: 3.9 wt %). The Eu-doped YVO4

nanoparticles are synthesized by an equivolumicmixture of two
aqueous precursor solutions: (i) a solution of Y/Eu nitrate in
water, with [Y3þ] = 95 mM and [Eu3þ] = 5 mM, and (ii) a solution
of Na3VO4 with a nominal concentration of 100 mM, the pH of
which is adjusted to a value of 12.5 by addition of 1 N KOH. The
volume of added KOH may be increased in order to decrease
the kinetics of the reaction. Uponmixing of both precursors, the
clear solution turns white and turbid instantaneously, and
the pH decreases to a value of 9.5. After reaction, the colloidal
suspension is stabilized by dialysis and subsequent addition
of poly(acrylic acid) (PAA 1800, 0.05 mol % of PAA chains with
respect to V), which breaks the nanoparticle fractal aggregates
through a surface charge increase and yields independent
nanoparticles (Figure 1). TiO2 nanoparticles have been pur-
chased from Crystal Global Company (ref S5-300A). ZrO2 nano-
particles have been prepared by thermohydrolysis of zirconium
acetate as described elsewhere.6

Time-Resolved SAXS/WAXS. Time-resolved X-ray scattering pat-
terns with coupled fluorescence spectroscopy have been re-
corded on the SWING beamline of the SOLEIL synchrotron
(Saint-Aubin, France). The range of q = 1.6 � 10�3 Å�1 to
2.5 Å�1 (q = 4π/λ sin θ, with 2θ the angle between the incoming
and scattered beam) was obtained with a photon energy of
15 keV and two sample�detector distances of 6.3 m and 58 cm.
The sample environment consists of a 3 mm borosilicate glass
capillary with two optical fibers coupled to the fluorescence
spectrometer. Syntheses have been followed in the time range
of t = 400 ms to 1 h using two sample injection setups. The
shorter reaction times (400 ms < t < 4 s) have been monitored
with the lost flow technique: both precursors are injected
through a chaotic millifluidic mixer, and the inspected reaction
time is determined by the distance between the mixing point
of precursors and the X-ray beam and the injection flow rate.
Counting times were 10 ms in the SAXS configuration and
100 ms in the WAXS configuration. The longer reaction times
(15 s < t < 62 min 15 s) have been inspected with the precursor
mixture circulating in close circuit via a peristaltic pump be-
tween the capillary glass and a reactor. Counting times were

10 ms in the SAXS configuration and 2 s in the WAXS config-
uration. Steady-state X-ray scattering patterns of the final
particles have been recorded in the 1.2 � 10�3 Å�1 to 3.2 Å�1

range using three complementary homemade setups (copper
rotating anode with linear detector on goniometer, or with
image plate at 1.2 m, or molybdenum rotating anode with
image plate at 73 cm). On all setups, the detector count is
normalized to differential cross section per volume unit using
water and Lupolen as references. The experimental data have
been fitted with the unified equation (Supporting Information 3)
using the Matlab software.

Cryo-TEM and HRTEM. Fifty microliters of each precursor solu-
tion was mixed in an Eppendorf tube, and after short vortexing,
a drop of this solution was deposited on a Quantifoil grid
(MicroTools GmbH, Germany). The excess solution was then
blotted out with a filter paper, and the grid was quench-frozen
in liquid ethane to form a thin vitreous ice film. The delays
between themixing of the precursors and the quenching of the
grid were 56 s and 32 min. The grid was then maintained all the
time at 96 K to prevent evaporation and crystallization of the ice
film. We used a LaB6 JEOL JEM 2100 (JEOL, Japan) cryo-TEM
operating at 200 kV. The images were taken on an ultrascan 2k
CCD camera (GATAN, USA) and with a JEOL low-dose system
(Minimum Dose System, MDS) to protect the thin ice film from
any irradiation before imaging and reduce the irradiation
during the image capture. HRTEM observations have been
carried out using a JEOL JEM 2100F (JEOL, Japan) equipped
with a Schottky emission gun, a UHR pole piece and a Gatan
US4000 CCD camera.
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