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ABSTRACT: The molecular and ensemble dynamics for the growth of
hierarchical supercrystals of cobalt nanorods have been studied by in situ
tandem X-ray absorption spectroscopy−small-angle X-ray scattering
(XAS-SAXS). The supercrystals were obtained by reducing a Co(II)
precursor under H2 in the presence of a long-chain amine and a long-
chain carboxylic acid. Complementary time-dependent ex situ TEM
studies were also performed. The experimental data provide critical
insights into the nanorod growth mechanism and unequivocal evidence
for a concerted growth−organization process. Nanorod formation
involves cobalt nucleation, a fast atom-by-atom anisotropic growth, and
a slower oriented attachment process that continues well after cobalt
reduction is complete. Smectic-like ordering of the nanorods appears very early in the process, as soon as nanoparticle elongation
appears, and nanorod growth takes place inside organized superlattices, which can be regarded as mesocrystals.

■ INTRODUCTION

Recent progress in the synthesis of size- and shape-controlled
nanoparticles by colloidal chemistry1,2 has been accompanied
by a considerable effort to organize them into ordered
superlattices and to understand the fundamental principles
that lead to organization.3−6 The synthesis of nanocrystal
superlattices offers the opportunity to fabricate nanodevices
composed of arrays of nanosized building blocks as well as to
observe new collective properties stemming from interactions
between their elementary units.7,8 For example, single-
crystalline cobalt nanorods are ideal candidates for applications
in ultra-high-density magnetic recording devices due to their
high magnetic moment and high magnetic anisotropy
(magneto-crystalline and shape).9 A regular array of Co
nanorods positioned one next to the other and exposing their
tips could correspond to a high-density magnetic recording
configuration in which each nanorod would ideally represent a
bit of information. Such arrays can be obtained during Co
nanorod synthesis by H2 reduction of organometallic or
coordination Co compounds in the presence of long-chain
amines and long-chain acids. The individual nanorods are single
crystals of hexagonal close packed structure (hcp) and their
long axis corresponds to the c axis of the hcp structure, that is,
they grow along the [0001] crystallographic direction.10,11 The
direct formation of nanorod superlattices in solution involves
both anisotropic growth and organization.

In general, two mechanisms by which size- and shape-
controlled nanocrystal growth is achieved have been proposed.
The first one involves nucleation and atom-by-atom attachment
on less stable or imperfectly passivated facets of the already
formed nuclei, followed by Ostwald ripening.1,12,13 The second
mechanism is based on oriented attachment of nanocrystals
through which nanoparticles fuse together through high energy
facets.14−16 More recently in situ transmission electron
microscopy (TEM) experiments have shown that both
mechanisms are operational during the formation of Pt
nanoparticles and PtFe nanorods.17−19

In parallel, organization of individual nanocrystals results in
2D or 3D single, binary, or ternary superlattices in which
individual nanocrystals form regular networks.20−22 Several
techniques can be employed in order to organize nanoscale
objects into regular arrays. Classical crystallization procedures
are among the most popular, using the controlled evaporation
of colloidal solutions of preformed nanoparticles as supercrystal
building blocks.23 Supercrystals formed by anisotropically
shaped metal nanoparticles, among which nanorods,24−30 are
less common than the ones consisting only of spherical objects.
Nevertheless, techniques for their organization are generally the
same as for spherical nanoparticles. Thus, supercrystal synthesis
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comprises several steps including building block synthesis,
nanoparticle separation and purification, and assembly by an
adequate technique, which is usually chosen by trial and error
efforts.
Spontaneous nanocrystal organization in solution during

growth giving rise directly to supercrystals that can be
recovered after reaction has previously been described for
some nanomaterials.10,11,31−36 In some of these cases, the
superlattices were characterized not only by translational but
also by an impressive orientational order of the atomic lattices
of individual nanocrystals within the assembly32,33,36 and can be
considered as mesocrystals.37−39 Direct supercrystal growth
involves two simultaneous processes, each one already complex
and imperfectly understood. Generally, the superlattices are
observed by TEM or scanning electron microscopy (SEM) on
samples collected after reaction and, therefore, far away from
the reaction conditions. Consequently, while the formation of
the individual nanocrystals takes place during reaction, it is not
known whether crystallization of the 3D supercrystals occurs
during the nanomaterial synthesis or as an independent
postgrowth step, for example, during cooling or drying on a
microscopy grid. To better understand the direct synthesis of
nanocrystal superlattices, it is important to determine the onset
and evolution of nanocrystal growth and organization under
reaction conditions. Recent in situ SAXS studies have shown
supercrystal formation for Au nanospheres and nanowires in
solution,40,41 but to date, the 3D hierarchical organization of
anisotropic nanocrystals has not been studied.
Herein, we study the formation of metallic Co nanorods and

their simultaneous organization into 3D hierarchical assemblies
using in situ X-ray absorption spectroscopy (XAS), small-angle
X-ray scattering (SAXS), and ex situ TEM. We show that
nanorods begin to form before reduction of the Co(II)
precursor is complete and that they continue to grow well after
Co(II) is fully reduced. We also demonstrate that formation
and growth takes place in hierarchical 3D superstructures
throughout the synthesis process.

■ EXPERIMENTAL SECTION
Materials. All solution preparations were performed in a glovebox

due to the air sensitivity of the cobalt compounds. Anhydrous anisole
packed under inert atmosphere was purchased from Aldrich (99.7%).
Trace water was removed by activated molecular sieves. Hexadecyl-
amine (HDA, 98%, Aldrich) and lauric acid (LA, 99%, Acros) were
transferred in the glovebox and used without further purification.
Toluene (99%, Fisher) was purified by a solvent purifier (Innovative
Technology Purification System), degassed by three freeze−pump−
thaw cycles, and then kept in the glovebox over activated molecular
sieves. [Co{N(SiMe3)2}2(thf)]

42 was purchased from NanoMeps. The
synthesis of [Co(LA)2] was performed as previously reported.43

Synthesis of [Co(LA)2(HDA)2]. A solution of HDA (145 mg, 0.60
mmol in 4 mL toluene) is added to a solution of Co(LA)2 (114 mg,
0.25 mmol in 2 mL toluene) under Ar and stirred overnight. When the
stirring is stopped, a violet precipitate decants slowly from the
colorless supernatant. The violet powder is isolated by filtration,
washed twice with toluene and once with pentane, and then dried
under vacuum. Yield 81%. Elemental Anal. C 71.48% (th. 71.5%), H
12.51% (th. 12.4%), N 3.01% (th. 2.98%).
Co Nanorod Synthesis. The nanorod stock solutions for XAS-

SAXS measurements were prepared by mixing a solution of LA (49.7
mg, 0.25 mmol in 1 mL anisole) with a solution of HDA (84.4 mg,
0.35 mmol in 3.5 mL anisole). The mixture was stirred for 3 min. A
solution of [Co{N(SiMe3)2}2(thf)] (94.1 mg, 0.21 mmol in 0.5 mL
anisole) was rapidly added to the ligand mixture. After 5 min, 0.5 mL
of the dark blue solution was transferred to a Meldin sample cup with

a path length of 3.5 mm modified from Nelson and Miller.44 The
sample cup was sealed from air and moisture using a stainless-steel
Swagelok VCO fitting modified with a pressure gauge, pressure relief
valve (125 psi), and double ball valves to allow the addition of
hydrogen under pressure. The sample was then removed from the
glovebox, pressurized to 50 psi H2, and placed in the thermally
equilibrated sample holder described in the Supporting Information.
The solution was not stirred during the reaction. When XAS-SAXS
observations were complete, the sample cup was cooled and
transferred into the glovebox where residual pressure was released.

TEM. TEM observations were performed in Toulouse using a JEOL
JEM-1011 microscope equipped with a W thermionic electron source
and working at an acceleration voltage of 100 kV or with a JEOL JEM
1400 microscope equipped with LaB6 thermionic electron source and
working at an acceleration voltage of 120 kV. Postreaction samples
were prepared by drop-casting from both the crude solution and a 0.1
mL aliquot of the crude solution diluted with 1 mL of toluene. For the
size distributions, a minimum of 200 particles have been measured in
all samples. High-resolution transmission electron microscopy
(HRTEM) and selected area electron diffraction (SAED) images
have been obtained using a JEOL 2100F electron microscope operated
at 200 keV. A camera length of 20 cm has been used to obtain SAED
patterns. All image analysis has been performed using Gatan Digital
Micrograph.

SEM. SEM observations were performed on samples from crude
solutions prepared as above on a JEOL JSM 6700F instrument.

Ex Situ Reaction Monitoring by TEM. To obtain TEM samples
from the reaction products at different synthesis times, the stock
solutions were mixed as above but scaled to double the amount of the
starting solution and then divided into 1 mL aliquots which were
introduced into 15 mL Fischer−Porter pressure vessels. The vessels
were pressurized at 3 bar (43.5 psi) of H2 and heated with stirring at
150 °C and without stirring at 130 °C in order to mimic in situ XAS-
SAXS experiment conditions. The reaction was stopped at fixed time
intervals by quenching in cold water before depressurizing and
preparing the TEM grids as above. The slight differences in nanorod
dimensions between the in situ XAS-SAXS and ex situ TEM
experiments are expected due to the differences in the experimental
setups.

Tandem X-ray Absorption Spectroscopy and Small-Angle
Scattering. X-ray measurements were performed at the Advanced
Photon Source, Argonne National Laboratory. The XAS and tandem
XAS-SAXS measurements were collected on an insertion device
beamline (Sector 10-ID), part of the Materials Research Collaborative
Access Team (MR-CAT). SAXS-only measurements were collected on
an insertion device beamline, (Sector 12-ID-B,C) part of the X-ray
Sciences Division (XSD). Details of the experimental setup and
analysis are provided in the Supporting Information.

■ RESULTS AND DISCUSSION
The reduction of [Co{N(SiMe3)2}2(thf)] (0.042M) in the
presence of 1.2 equiv of LA and 1.7 equiv of HDA under 3 bar
H2 in anisole at 150 °C for 24 h yields metallic Co nanorods
organized in 3D superlattices of a few micrometer lateral
dimensions as evidenced by SEM and TEM (Figure 1). These
hierarchical assemblies are composed of several superimposed
2D arrays of nanorods, organized side by side with their long
axes perpendicular to the TEM grid in a smectic liquid crystal
configuration. Spherical nanoparticles are also produced. The
nanorods can be dispersed into single rods upon dilution with
toluene, without reorganization into 3D superlattices upon
drying.
Monitoring the nanorod growth by TEM (Figure S1) reveals

that after 20 min the reaction yields both spherical Co
nanoparticles (diameter: 3.3 ± 0.5 nm) and rods (diameter: 3.5
± 0.5 nm) with an average length of ∼15 nm that are already
aligned along their long axes. After 60 min, the length of the
rods has increased; however, the size distribution is multimodal,
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with the longer rods having already attained their final mean
size. After 24 h, the size distribution of the rod length is again
essentially monomodal (length: 57 ± 5 nm, diameter: 4.3 ± 0.7
nm), with the short rods having been converted to longer ones.
Thus, the rods appear early in the synthesis, and their length
evolves first rapidly and then more slowly, passing from a
multimodal size distribution to a narrower size distribution after
about 24 h. Spherical nanoparticles are always present, and their
diameter remained practically unchanged over the course of the
reaction (about 3.4 nm at the end of the reaction).
Initial Speciation of Co(II). Time-dependent in situ XAS

was used to follow the evolution of both the oxidation state and
coordination environment of a solution composition over the
course of this reaction (Figure 2 and Table S1). The Co K-edge
XANES of [Co{N(SiMe3)2}2(thf)] in anisole at room temper-
ature (RT) shows a pre-edge feature at 7708.9 eV, characteristic
of Co(II) (Figure 2a, blue spectrum).45 The fit of the first shell
peak in the EXAFS indicates there are an average of 2.8 Co−X
(either Co−N or Co−O) bonds at 1.92 Å, typical for an
average of two amide bonds at 1.87−1.91 Å46−49 and a dative
bond to thf at 2.1−2.2 Å.50−52 EXAFS also shows evidence of a
higher shell bond, likely from the overlap of Si and Me groups
(Figure S2a).
Addition of [Co{N(SiMe3)2}2(thf)] to a 1.2:1.7 mixture of

LA/HDA in anisole at RT maintains the XANES pre-edge peak
at 7709.0 eV (Figure 2a, red spectrum), indicating that the
cobalt remains Co(II). The change in the shape of the XANES,
however, indicates a change in the ligand coordination of the
Co(II) ion. Quantitation of the EXAFS indicates that on
average there are 6 Co−N/O bonds at a distance of 2.02 Å
(Figure S2b). Because EXAFS is a bulk technique and the
scattering from Co−N is very similar to that of Co−O, this

likely represents the average of several Co(II) species and
ligand coordination environments.
To better understand the possible Co(II) species present in

the initial synthesis solution, the XAS spectra of [Co(LA)2] and
[Co(LA)2(HDA)2] were measured (Figure 2b). Both have
XANES pre-edge peaks consistent with Co(II). [Co(LA)2] has
a white line region with two bands of approximately equal
intensity at 7723.1 and 7736.0 eV. EXAFS fitting gives 6 Co−O
bonds at 1.98 Å, suggesting that this species is oligomeric with
carboxylate ligands bridging between multiple cobalt centers.53

[Co(LA)2(HDA)2] has only one white line peak, and the fit of
the EXAFS gives 6 Co ligand (Co−O and/or Co−N) bonds at
2.08 Å. Both the XANES and EXAFS indicate that there is a
change in the Co coordination sphere on addition of HDA to
[Co(LA)2]. The XANES and EXAFS of the initial Co nanorod
synthesis solution and [Co(LA)2(HDA)2] are very similar
suggesting that the reactive Co(II) species are also similar.
Consistent with this, [Co(LA)2] is stable toward reduction by
H2 for at least 14 h, whereas complete Co(II) reduction occurs
in the presence of free amine.43 Therefore, we propose that in
the starting solution [Co{N(SiMe3)2}2(thf)] rapidly exchanges
ligands to a mixture of LA and HDA coordinated species, the
exact composition of which is dependent on the LA/HDA ratio
and changes during the reaction.

Reduction of Co(II) to Co(0). The composition of the
initial mixture is not affected by the addition of 50 psi (3.4 bar)
H2 at RT. However, upon heating to 150 °C under H2, changes
in the XANES and EXAFS spectra indicate the reduction of
Co(II) to metallic Co (Figure 2a, black spectrum). The
absorption edge energy and shape at the end of the reaction are
identical to that of a metallic foil (Co(0)). The XANES spectra

Figure 1. (a) SEM and (b) TEM micrographs of 3D superlattices
obtained after 24 h reaction at 150 °C.

Figure 2. Co K-edge XANES spectra from 7690 to 7750 eV of (a)
precursor [Co{N(SiMe3)2}2(thf)] at RT (blue); reaction mixture
([Co{N(SiMe3)2}2(thf)]/LA/HDA = 1:1.2:1.7) under N2 or H2 at RT
(red); reaction mixture under 50 psi H2 after 12 h at 150 °C (black)
and (b) [Co(LA)2] (black); [Co(LA)2(HDA)2] (blue); reaction
mixture ([Co{N(SiMe3)2}2(thf)]/LA/HDA = 1:1.2:1.7) under N2 at
RT (red).
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were fitted with a linear combination of the initial reaction
mixture and the fully reduced Co at the end of the 12 h
reaction. A plot of the molecular fraction of Co(II) versus time
(Figure S3a), shows an initial first-order reduction of Co(II)
species, followed by a more rapid reduction after about 17−20
min, where about 70% of the Co(II) has been reduced. Co(II)
is completely reduced to metallic Co in less than about 30 min,
after which there are no further changes in the XANES (or
EXAFS) up to 12 h. A fit of the EXAFS gives a Co−Co
coordination number of 7.6 and a bond distance of 2.49 Å. The
distance is characteristic of Co metal, and the reduced average
coordination number (foil CN = 12) corresponds to a particle
size of ∼3−4 nm in diameter assuming a spherical shape.54

TEM observation of the undiluted sample after the 12 h XAS
experiment shows the presence of nanorod superlattices
(Figure S3b). Independent ex situ TEM experiments
(described above) indicate that the nanorod length continues
to evolve up to about 24 h (Figure S1). It has to be noted that
Co reduction to Co(0) molecular or cluster compounds that
are not immediately nucleated is not evidenced from the XAS
data, which is in agreement with the ex situ TEM, indicating
that nucleation of the first nanocrystals is very fast. Variations in
the experimental conditions (pressure, the reactor volumes H2
pressure, and mixing; see Experimental Section) complicates
direct comparison between laboratory and in situ XAS
synthesis; however, the dramatic difference in time scales
between Co(II) reduction and rod growth as well as the fact
that no size defocusing is observable even after all monomer is
depleted12,13 suggests that a nonclassical growth mechanism is
involved in the nanorod formation.16,38,55

To better follow the reduction of Co(II) and the formation
of the 3D superlattices, the reaction temperature was reduced
to 130 °C for tandem in situ XAS-SAXS experiments. The same
reaction mixture of [Co{N(SiMe3)2}2(thf)]/LA/HDA was
reacted at 130 °C and 50 psi H2 for approximately 3 h. Figure
3a shows selected XANES spectra during the reaction. The
initial XANES of the reaction mixture (Figure 3a, red
spectrum) was identical to that at 150 °C. The XANES were
fit with a linear combination of the initial reaction solution and
the reduced metallic Co after 3 h. Figure 3b shows the log of
the percent of Co(II) reduced to Co(0) versus time. After an
initial induction period of 25 min where there is no reduction
of Co(II), a slow, approximately first-order reduction of Co(II)
to metallic Co begins. At 70 min (∼54% Co(II) remaining), the
rate of Co reduction starts to increase and continues until 80−
90 min, when only 25% Co(II) is left.
After 105 min at 130 °C, there is no further change in the

XAS. The fully reduced particles display a XANES spectrum
that is essentially the same as bulk Co foil. The EXAFS
spectrum (Figure 3c) shows Co−Co bonds with an average
coordination number of 8.9 at 2.51 Å, consistent with metallic
Co of about 4−5 nm in diameter. Similar to the results at 150
°C, the XAS Co−Co coordination is the same at 100 min and 3
h. TEM on the final reaction mixture shows both nanorod
superlattices and spherical nanoparticles (Figure 3d; dimen-
sions in Figure S4). Thus, the Co nano-object size obtained by
EXAFS is an average between the spherical nanoparticle
diameter and the rod diameter. The increasing rate of Co(II)
reduction observed at both 130 and 150 °C suggests that
reduction may be autocatalytic, where the final Co(II) species
are reduced by the already formed cobalt nanoparticles,56 or
alternatively, as the reduction proceeds, more easily reduced
Co(II) species are formed by free amine liberated during Co

Figure 3. (a) Time-dependent XAS spectra during the synthesis of Co
nanorods at 130 °C and 50 psi H2 ([Co{N(SiMe3)2}2(thf)]/LA/HDA
= 1:1.2:1.7). Co K-edge XANES from 7.69 to 7.74 keV. Initial
spectrum (red), at 31 min (blue), at 74 min (pink) and at 85 min
(black). (b) Log[%Co(II)] vs time determined by XANES fitting. (c)
Co K-edge k2-weighted magnitude of the Fourier transform of the
EXAFS of the starting reaction mixture at 130 °C (red trace), Co
nanorods after reaction at 130 °C (black solid trace), and Co foil at
RT (black dotted trace ) (Δk = 2.9−10.7 Å−1). (d) TEM micrograph
of a superlattice obtained from the crude reaction after 3h at 130 °C
(scale bar =200 nm).
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nanoparticle formation. This is supported by previous studies
showing that while Co(LA)2 alone cannot be reduced by H2 at
150 °C, addition of amine induces its reduction.43

Nano-Object Formation and Organization by SAXS.
SAXS provides information about the size, distribution, shape,
and organization of nano-objects in solution.57−60 Figure 4a,b

show the time-dependent in situ SAXS spectra concurrently
recorded with the XAS measurements at 130 °C. A broad peak
at q = 0.047 Å−1 remains unchanged over the course of reaction
and is attributed to the Meldin sample holder. At 35 min, a
broad peak appears at q1 = 0.099 Å−1, indicating the formation
of organized nano-objects. The intensity of q1 increases over
the reaction (Figures 4a and 5a), corresponding to an increase
in the number of organized nano-objects. At about 40 min, a
second peak clearly appears at a lower q (q2 = 0.038 Å−1) whose
intensity similarly increases with reaction time. Over the course
of reaction, q1 shifts only slightly, whereas q2 continuously shifts
to lower q and thus longer distance (Figure 5b).
We interpret q1 and q2 as organized lamellar arrays of

hexagonally packed nanorods with a small lateral rod−rod
distance that during the reaction increases from 7.4 to 7.6 nm
(d1 = (4π/√3)q1).

59,61 Interestingly, the slight increase in the
inter-rod distance takes place during the reduction acceleration
interval (70−90 min) observed by XAS. The smaller nanorod
diameter measured by TEM compared to d1 suggests that the
inter-rod volume is occupied by molecular species and
solvent.57,58 This is also consistent with the difference between

the internanorod distance (7.5 ± 0.8 nm) and the nanorod
diameter (4.9 ± 0.7 nm), evidenced by TEM after the end of
the reaction (3 h, Figure S4).
An interlamellar spacing of 16.5 nm (d2 = 2π/q2)

59 starts to
be visible at 40 min and smoothly increases to 45 nm after 90
min (Figure 5b). After about 90 min, we can no longer follow
elongation due to the limitation of the q range accessible in this
experiment. Nevertheless, the in situ SAXS conclusively
demonstrates that superlattice organization occurs under the
synthesis conditions.
The SAXS features associated with lamellar arrays overlap

with the broad peak from our sample holder, and the q range of
the detector was limited. Thus, after reaction, RT ex situ SAXS
measurements over a wider q range (0.006−0.45 Å−1) were
obtained in a quartz capillary tube (Figure 4c). The rod−rod
distance is observed at q = 0.090 Å−1. Three broad peaks at q =
0.014, 0.028, and 0.042 Å−1 correspond to the lamellar
structure, and the d spacing is calculated to be 45 nm, i.e.,
the same as the in situ SAXS and longer than the nanorod
length measured by TEM (37.5 nm) after the end of the
reaction (Figure S4). Finally, there are four sharp peaks at q =
0.134, 0.188, 0.198, and 0.4 Å−1 associated with a body-center-
cubic (bcc) packing of spherical nanoparticles with an
interparticle distance of 5.7 nm. Again, this is larger than the
dry TEM diameter of 3.6 ± 0.5 nm for the spherical
nanoparticles, consistent with expansion of the lattice due to
molecular compounds (surfactants and solvent; Figure S4).

Comparison with ex Situ TEM. Time-dependent TEM
studies under similar reaction conditions at 130 °C in the
laboratory provide information complementary to the tandem
in situ XAS-SAXS data (Figure S5). Reaction mixtures
quenched at 15 min contain mainly spherical nanoparticles of

Figure 4. (a) In situ SAXS part of the time-dependent spectra of
tandem SAXS-XAS experiment for the formation of Co-nanorods at
130 °C and 50 psi H2 SAXS at 8979 eV. (b) Selected time points from
a. Initial spectrum (red) and those at 31 min (blue), 74 min (pink),
and 85 min (black). (c). Ex situ SAXS of the sample after reaction at
quartz capillary at energy of 12 keV with a camera distance of 2 m.

Figure 5. (a) Peak intensity of time-dependent SAXS peaks (I1: q1 =
0.099 Å−1, I2: q2 = 0.038 Å−1) and (b) d-spacing of center to center
(d1) (in plane distance) and rod to rod length (d2) (interlamellar
distance) during the synthesis of Co nanorod superlattices at 130 °C
and 50 psi H2.
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2.5 ± 0.5 nm and some wormlike nano-objects. The latter
become predominant at 25 min (Figure S6). At 30 min, short
nanorods with a well-defined elongated shape have already
formed organized arrays with an average length of 10 nm. At 40
min, the nanorods have begun to lengthen and grow to about
25 nm, and a larger percentage are found in organized
superlattices. At 60 min the length distribution becomes
bimodal, with most rods still around 25 nm and a smaller
fraction of longer ones averaging 35 nm and growing to 55 nm
at 3 h. At 27 h, the majority of the nanorods have reached a
mean length of 55 nm (Figure S5).
Ex situ TEM and in situ SAXS results are in general

agreement about the sequence events and kinetics of
superlattice formation. Both results suggest that nanorod
organization begins at the same time as nanoparticle elongation,
very early in the synthesis. In addition, the nanorods continue
to lengthen with time but do not significantly increase in
diameter. As in the case of 150 °C, TEM shows that at 130 °C
nanorod length continues long after all the Co(II) has been
fully reduced to metallic Co, the nanorod diameter is slightly
increased during the reaction, and spherical nanoparticles are
always present.
Mesocrystal Character of the Superlattices. The

characteristic mesocrystal crystallographic register of the
individual nanorods within the 3D organized superlattices has
been evidenced by TEM on samples obtained after different
reaction times, as can be seen from Figure 6. The nanorod
positional order is obvious both from the TEM images and the
fast Fourier transform (FFT) of the areas included in the yellow
squares. The common crystallographic orientation of the
individual nanocrystals is evidenced by the selected area
electron diffraction (SAED) performed on the areas in the
cyan circles. Presented in Figure S7, the HRTEM analysis on a
superlattice nanorod allows us to identify the lateral Co surfaces
as the {11−20} hcp facets. A schematic representation of the
organization of the nanorods within the superlattice is also
shown (Figure S7).
Evolution of Co Nanorod Superlattice Formation. In

Scheme 1 we outline in a simplified way the complex events
leading to the formation of superlattices.
Reduction Step. Altogether our results suggest that for both

reaction temperatures the Co reservoir is rapidly reduced;
however, this reduction is characterized by two regimes. The
first step, which is preceded by an induction period, is followed
by a more rapid step. We believe that the first step corresponds
to the nucleation and the formation of the first spherical
nanoparticles from easily reduced amine-rich species present in
the Co reservoir43 and their aggregation to ill-shaped nano-
objects (step 1 in Scheme 1). During nucleation, the labile
amines (HDA and HN(SiMe3)2) are the main ligands available
for the nanoparticle stabilization because the LA initially is
mostly coordinated to the Co(II) slowly reducible species.43

Thus, the initially formed nuclei can aggregate forming the ill-
shaped nano-objects observed by ex situ TEM at 15 min
reaction and 25 min at 130 °C (Figure S6). However,
subsequent reduction of Co(II) laurate-rich species liberates
LA ligands that can now interact with the surface of the
spherical or ill-shaped nanoparticles initially formed. Initial
nuclei may be subjected to dissolution−precipitation process
before crystallizing to seeds from which anisotropic growth can
initiate. Previous studies have shown that an increase of the LA
amount in solution increases the hcp versus the fcc (face-
centered cubic) component in the produced nano-objects and

favors anisotropic growth.43 Under the present conditions, as
the laurate-rich species start to be reduced, the availability of
laurate ligand induces the crystallization of the hcp structure.
This is the onset of the anisotropic growth and the formation of

Figure 6. TEM images FFT and SAED patterns of the regions
indicated with yellow squares and cyan circles respectively, for
different reaction times: (a) 40 min, (b) 1 h, (c) 3 h, and (d) 24 h.
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well-shaped nanorods (step 2 in Scheme 1). We presume that
during subsequent Co(II) reduction nanorod growth takes
place principally by preferential monomer addition on the
nanorod tips that are less efficiently passivated, probably mainly
by labile amine ligands (step 3 in Scheme 1). At the same time,
Co atoms are marginally incorporated along the lateral sides
that we believe are well-passivated by laurate. During the
second fast reduction step, less-reactive carboxylate-rich species
are rapidly reduced due to the assisted reduction by free amine
available in solution. This conversion of stable acid-rich species
to easily reducible amine-rich species probably induces also the
formation of new nuclei during the whole reduction period. An
autocatalytic effect of the Co nanocrystal surface is probably
also taking place and could be responsible for the fast growth of
the nanorods in length during that time.56 Thus, as long as
Co(II) is present in the solution medium, Co atom addition on
the nanorods is proposed to be the main reaction path. The size
distribution during initial anisotropic growth does not point
toward an oriented attachment because no dimers or trimers of
spherical nanoparticles are identified. Nevertheless, although
not evident due to the atom-by-atom growth being
simultaneous and dominant, oriented attachment is most
probably also operating during this stage. Growth of spherical
nanoparticles as well as rods both by monomer addition and by
oriented attachment of spherical nanoparticles operating in
parallel has been already observed through real-time TEM
studies on growing spherical17,18or rod-shaped metallic nano-
particles.19 This process is represented by steps 3−5 in Scheme
1.
Elongation Step. One question that arises is whether the

final slow elongation step taking place after Co reduction
continues via an atom-by-atom growth followed by Ostwald
ripening or via oriented attachment (nanosphere−nanosphere,
rod−rod, or rod−nanosphere). In our case, anisotropic growth
is favored both by the inherently anisotropic hcp structure, as
well as by the inefficient passivation of the Co(0002) facets by
the labile amine ligands versus the efficient passivation of the
lateral facets by the laurate ligand. Both characteristics may
allow deposition of Co atoms on as well as fusion of nano-
objects through the “naked” Co(0002) facets. Oriented
attachment usually gives rise to structural defects and irregular
surfaces. It has to be noted that the nanorods are single-
crystalline and that their aspect is smooth with a homogeneous
diameter along the entire length pointing toward an atom-by-

atom Ostwald ripening classical growth mechanism. However,
once the monomer concentration is reduced, if Ostwald
ripening was the dominating ripening mechanism, then size
defocusing would lead to less monodispersed size distribu-
tions,12,13 which is not in agreement with the experimental data
that show that the diameter is practically stable and that length
distribution is narrowed with time. Thus, oriented attachment
is likely to be dominant in this slow growth step. However, a
contribution of Ostwald ripening after Co(II) reduction could
explain surface smoothness because atom diffusion to metal
deficient sites operating simultaneously could eliminate defects
and repair surface irregularities.19 Thus, we suggest that, for the
slow growth regime taking place after Co(II) consumption,
oriented attachment is the main process by which elongation
takes place (steps 5−6 of Scheme 1). To summarize, taking
into account the reduction kinetics and the nanoparticle
lengthening evolution, we believe that both classical and
nonclassical processes take place: during reduction, atom-by-
atom growth is dominant, whereas oriented attachment is
dominant during the slow elongation observed after reduction
has been completed.

Organization. Rationalizing organization even when starting
from preformed nanocrystal building blocks, for which the
surface chemistry is more or less controlled, is not
straightforward. A delicate balance between attractive and
repulsive interparticle interactions (van der Waals, electrostatic,
steric, entropic effect, hydrogen bonding, etc.) are responsible
to varying degrees depending on the nanocrystal composition
and shape, the surfactants, and the solvents used. In the case of
direct organization during growth, things are even more
complicated because the solution composition and therefore
the interaction possibilities change with time. It has already
been reported in the literature that an amide can be formed by
condensation of long-chain amines with long-chain acids are
heated together.62 Amide is not a strong ligand and can be
easily displaced by acid from incoming precursors. This could
not only induce depletion attractions between the nano-
objects63 but also influence the interactions between molecular
species or nano-objetcs through formation of hydrogen bonds
in which water resulting from the condensation reaction could
also participate. The presence of magnetic dipolar forces may
assist the oriented attachment of nano-objects, but we do not
believe that it is the unique driving force for the hierarchical
organization because addition of toluene dissolves the super-
crystals irreversibly. It must also be noted that the same type of
spontaneous organization has been observed during non-
magnetic nanoparticle growth.32,36,40

TEM indicates that superlattices are observed as soon as
shape anisotropy appears (situation denoted a in Scheme 1),
that is, before Co(II) reduction is finished, and they continue to
grow well after the reduction is over. We cannot exclude the
possibility that 2D organization is the first step of supercrystal
nucleation because the center-to-center lateral distance appears
before lamellar order is visible. However, the presence of the
Meldin cell signal does not allow us to be affirmative about this
point. What is worth noting without any doubt is that the rods
grow in length while organized, and length polydispersity does
not seem to be detrimental for the 3D organization (Figure
S8). Thus, growth happens inside the 3D architecture which
remains loosely held together as indicated by the in situ and ex
situ SAXS measurements, suggesting that the final interlamellar
distances do not correspond to the real nanorod length even if
we take into account the presence of long-chain ligands on the

Scheme 1. Proposed Reaction Pathway
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tips (37.5 nm for the longer nanorods measured by TEM and
45 nm by ex situ SAXS after 3 h reaction; Figure S4). We have
proposed that both atom-by-atom as well as oriented
attachment mechanisms operate during growth. This suggests
that monomers diffuse easily through the organized 2D layers
that constitute the 3D supercrystals. The molecular Co
reservoir that is fed by the bulk solution and changes
composition as the reaction proceeds could gradually crystallize
within the confined interlayer space (Scheme 1a,b). In contrast,
an efficient oriented attachment implies that nanocrystals are
free to translate and rotate before crystallographic alignment
and fusion is achieved.39,64 This mechanism would be difficult
to operate in the context of a growth inside a confined space
where spatial restrictions prevent the free movement of the
nano-objects unless an appropriate prealignment of nano-
objects and/or Co monomers occurs in that space represented
by the shaded areas of Scheme 1 rendering a rotation of nano-
objetcs unnecessary before fusion along the long nanorod axis.
Recently, a lamellar organometallic phase was detected in

solution giving rise to ultrathin Au nanowires, and it has been
proposed that this mesophase could be responsible for
anisotropic growth.65 An environment-dependent growth
mode has also been proposed to be responsible for the
formation of Fe nanocubes superlattices in which supra-
molecular organization controls the nanocrystal shape.35 In this
study, we have no evidence that a preorganization of the liquid
medium acts as a template for superlattice formation. Although
micelles have been detected in the starting solution at RT, at
the elevated temperatures at which our reaction takes place,
there was no SAXS evidence of an organized mesophase.
However, we can speculate that a structuring of the reaction
medium in which superlattices grow is not pre-existent but
takes place as the reaction proceeds, for instance, by liberation
of amide and water as a result of a condensation reaction. These
areas of continuously evolving composition (symbolized by
different colors of the shaded areas in Scheme 1) and distinct
composition from the bulk solution could allow monomer
circulation and nanorod growth both by monomer addition and
oriented attachment.
Spherical Nanoparticles. Concerning the fate of spherical

nanoparticles, our experimental SAXS set up prevents volume
fraction monitoring, but extended reaction times at 130 and
150 °C (96 h) do not eliminate the spherical nanoparticles as
shown by TEM (Figure S9). The persistence of spherical
nanoparticles, even after extended reaction times, could be
explained by the combined effect of (i) the nucleation being
operational during the whole reduction period due to the amine
activation of the acid-rich species, (ii) the medium structuring
and partial confinement of the areas inside which nanorods
grow, which after a certain time does not favor the
incorporation of newly formed nano-objects from the bulk
solution, and (iii) the freezing of the reactivity of these
spherical nanoparticles due to the formation of a dense ligand
shell as a result of the increase in concentration of carboxylic
acid in the solution.
Thus, anisotropic interactions between passivated nano-

objects but also molecular compounds could act synergistically
to direct a concerted growth−organization pathway as in the
case of mesocrystals.37−39,66−71 It is likely that the already
reported examples of some of the superlattices reported to be
formed directly in solution are produced by a concerted
growth−organization process and constitute similar cases. It has
been invoked36 that polar ligand systems inducing electrostatic

interactions could promote the spontaneous formation of
supercrystals during growth. This is a point that merits further
investigation. Unfortunately, very few examples of the kind
have been reported so far. In addition, the processes being
simultaneous complicates a detailed study and rationalization of
the process. We believe that the use of a combination of
recently developed or future in situ observation capabilities by
different techniques, along with theoretical studies, will greatly
contribute to the elucidation of the development of such
complex systems toward the rapid and one-pot synthesis of
nanocrystal superlattices.

■ CONCLUSIONS
In situ tandem XAS-SAXS experiments supported by ex situ
TEM monitoring of the reaction allow proposal of a qualitative
nanorod growth mechanism, which consists of three main
steps: a fast nucleation, a fast growth by monomer addition that
takes place during reduction of Co(II) species to Co(0), and a
slower ripening step that takes place after complete reduction,
which most likely involves an oriented attachment process. Our
results constitute definitive evidence that the growth of the
individual nanorods and their organization in 3D smectic-like
superlattices occur simultaneously under synthesis conditions
and not as a result of postsynthesis crystallization of the
nanorods. It is, thus, likely that nanorods grow in a confined
reaction environment, allowing monomer diffusion and at the
same time facilitating oriented attachment by assuring a
favorable orientation of the nano-objects during their formation
without compromising their organization. Although the main
driving force for such a regular array formation is not
straightforward, this concerted growth and organization process
shares common features with mesocrystal formation. We finally
believe that a deeper understanding of the ensemble dynamic
processes taking place during this complex reactions in terms of
molecular composition and nanomaterial evolution will allow
one-pot synthesis of supercrystals to be extended to many
systems.
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