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ABSTRACT Here it is demonstrated that the diffusion process of oxygen in Co
nanoparticles is controlled by their 2D ordering and crystallinity. The crystallinity of
isolated Co nanoparticles deposited on a substrate does not play any role in the oxide
formation. When they are self-assembled in 2D superlattices, the oxidation process is
slowed and produces either core/shell (Co/Co0) nanoparticles or hollow Co0 nano-
crystals. This is attributed to the decrease in the oxygen diffusion rate when the
nanoparticles are interdigitated. Initially, polycrystalline nanoparticles form core/shell
(Co/Co0) structures, while for single-domain hexagonal close-packed Co nanocrystals,

Single crystals

the outward diffusion of Co ions is favored over the inward diffusion of oxygen,

producing hollow Co0 single-domain nanocrystals.
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uring the past few years, consider-
Dable effort has been put into the
design and fabrication of nano-
materials exhibiting unique chemical and
physical properties.' ~” Tailoring the proper-
ties of nanoparticles through control of
composition, size, shape, and crystal struc-
ture is the current trend in nanomaterial
synthesis.®~'° Co and its oxides are among
the most promising materials for techno-
logical applications, including information
storage, Li-ion batteries, magnetic fluids,
spintronics, and catalysis."'~'* Recently,
Yin et al. employed Co nanocrystals as a
starting material to demonstrate that hol-
low CoO nanocrystals can be successfully
synthesized through the nanoscale Kirken-
dall effect, opening a new path for the
design of such structures.'®
The control of the nanoparticle crystal-
linity (called nanocrystallinity) has received
much less attention and remains an open
question.'®"” In spite of the difficulties in
synthesizing well-structured nanocrystals,
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various studies of their physical properties
have been carried out over the past few years.
One of the most highly developed research
areas concerns the influence of the nanocrys-
tallinity on the acoustic vibrational properties
of the nanocrystals. Two models were devel-
oped from which it is expected that the
breathing mode remains mostly unchanged,
regardless of the nanocrystallinity.'®'® This
was recently confirmed experimentally for
both Co and Au nanocrystals.>*2" However,
it is to be noted that these results are in
contradiction with those reported by Tang
et al.'® for 10 nm Ag nanocrystals, whose
breathing mode frequency was dependent
on the nanocrystallinity. The quadrupolar
vibrational mode (/ = 2) of nanocrystals,
easily detected through their low-frequency
Raman scattering, is split into two-fold degen-
erate E; modes and three-fold degenerate
Tog modes for single-domain nanocrystals. 2%
In contrast, polycrystals exhibit only one
band due to light scattering induced by
their quadrupolar vibrational modes.?* Some

* Address correspondence to
marie-paule.pileni@upmc.fr.

Received for review October 23, 2012
and accepted December 31, 2012.

Published online January 11, 2013
10.1021/nn304922s

©2013 American Chemical Society

ACAT AN
VOL.7 = NO.2 = 1342-1350 = 2013 @L%N {\)

WWwWWw.acsnano.org

1342



Figure 1. HRTEM images of a native Co nanocrystal (a) and after dry-phase annealing (b); native Co (c) and as-annealed
(d) isolated Co nanocrystals after oxidation treatment. The insets are the corresponding low-magnification TEM images for
reference, and the HRTEM image corresponds to the zone in the white rectangle. The scale bars all are 2 nm.

controversies have emerged regarding the mechanical
properties of nanocrystals and the differences that
might originate from their nanocrystallinity. Tang
et al."® suggested an increase in the Young's modulus,
deduced from the changes in the fundamental breath-
ing mode for 10 nm Ag nanocrystals. The study of the
compressibility of 10 nm Ag and 30 nm Au nanopar-
ticles confirms a significantly higher stiffness than in
the corresponding bulk phase, such behavior being
attributed to the presence of twinned defects.?> One
model concerning the influence of the nanocrystallin-
ity on the chemical properties of nanocrystals has
been proposed; the formation of hollow Ag,Se nano-
particles from single-domain 10 nm Ag nanocrystals
has been observed, whereas completely solid Ag,Se is
obtained from MTP nanocrystals.'® Furthermore, the
different nanocrystallinities of Pt nanoparticles were
shown to have a nontrivial influence on the electro-
chromism of Ti0,.2® These divergences in the results
can be easily explained by the very great difficulty in
producing separately either single-domain nanocryst-
als or polycrystalline nanoparticles. There is thus clearly
a need to develop new approaches for nanocrystallin-
ity selection. There are surprisingly few reports con-
cerning the intrinsic chemical properties resulting from
2D nanocrystal ordering. To our knowledge, the only
studies are from our group.?’ ~3° In fact, we demonstrated

YANG ET AL.

an increase in the nanocrystals' stability with the level
of ordering. By subjecting a self-assembled 2D array of
Ag nanocrystals to oxygen plasma via a reactive ion
etching process, it has been demonstrated that better
ordered self-assemblies remain unchanged, while less
ordered structures coalesce into larger nanocrystals
with spheroidal shapes.?”? This technique could be a
useful but destructive tool for detecting defects in 2D
nanocrystal assemblies, which are usually limited to
the local scale. The stability with respect to oxidation of
Co nanocrystals markedly increases when they are self-
ordered in compact hexagonal networks. This is attrib-
uted to the nanocrystal ordering that provides a sub-
stantial decrease in the permeability of the alkyl
chain layer surrounding the particles**° Thus 2D
arrays consisting of Cop,/CoO core/shell nanocrystals
with a hexagonal close-packed (hcp) core were ob-
tained by exposing the sample to air for 2.5 h after
being annealed, whereas the polycrystalline nano-
particles are highly stable to an exposure to air even
over several days.

To our knowledge, this is the first report of an
intrinsic property related to the crystalline structure
of nanoparticles which are self-ordered into a compact
hexagonal network. Drastic changes in the oxidation
processes occur as a function of the Co nanoparticles'
crystallinities. It was found that either Co/CoO core/shell
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or pure CoO structures were formed upon subject-
ing the polycrystalline Co nanoparticles to oxidation,
whereas CoO hollow structures are generated starting
from Co hcp single-domain nanocrystals. Furthermore,
nanocrystals with 2D ordering display a different oxi-
dation behavior from that of isolated nanocrystals (0D).

RESULTS AND DISCUSSION

Upon deposition of the native polycrystalline Co
nanoparticles on a transmission electron microscopy
(TEM) grid covered with a layer of amorphous carbon,
the nanoparticles are either 2D self-organized or iso-
lated. The average diameter and size distribution of the
native Co nanoparticles, determined by measuring
more than 500 particles imaged by TEM, are 7.2 nm
and 10%, respectively (Supporting Information, Figure S1a).
Figure 1a is a high-resolution TEM (HRTEM) image
showing that a few small crystalline domains with a
typical size smaller than 1 nm constitute the nano-
particle. After annealing at 250 °C in an inert argon
atmosphere, nearly all of the Co nanoparticles are
transformed from a polycrystalline face-centered cubic
(fcc) to a single-domain hcp structure (Figure 1b). The
average diameter and size distribution of the nano-
crystals after annealing remains unchanged compared
to that of the native state (Supporting Information,
Figure S1b). Under such experimental conditions, the
surfactant molecules used as coating agents are par-
tially destroyed with the probable formation of carbon
layers. However, similar end products are obtained
from nanocrystals annealed in solution, indicating that
this carbonization process does not affect the results
(see below). The choice of the dry system developed
below is because of the better nanocrystal ordering
with as-annealed nanoparticles than that found in
nanocrystals produced in solution. The improved crys-
tallinity is well illustrated by the HRTEM image inset
in Figure 1b, which clearly shows a set of interplanar
spacings at 0.20 nm that is indexed as the (002)
reflection of the hcp Co lattice. Electron diffraction
patterns confirm the formation of hcp Co nanocrystals.
Note that it is not possible to use X-ray diffraction
because of the very small amounts of material avail-
able. These data confirm those published previously.>’

The two samples of polycrystalline nanoparticles
and single-domain nanocrystals are simultaneously
placed in a modified Schlenk line setup (Scheme 1a).
They are subjected to an oxygen flow and heated to
200 °C. After aging for 10 min, the heating system is
removed and an argon flow is introduced in order to
stop the intense oxidation process. As mentioned, the
TEM grids contain well-defined monolayers with some
isolated nanoparticles, allowing us to study separately
the behavior of isolated and self-ordered nanoparticles
with differing crystalline structures (polycrystals and
single domains). Several questions concerning the
oxidation of these Co nanoparticles can be raised: (i)
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Scheme 1. (a) Modified Schlenk line setup used for the air-
free annealing or oxidizing of the samples; (b) schematic
illustration of oxidation behavior of 2D hexagonally or-
dered Co nanoparticles differing by their nanocrystallinity.

What is the role of the crystalline structure of these
nanoparticles on the oxidation rate? (ii) Does the
nanoparticle ordering play a role in the oxidation
process? (iii) Does the crystalline structure of the
nanoparticles in a self-ordered compact hexagonal
network determine the material produced? To answer
these questions, we will first consider the isolated
nanoparticles with differing crystallinities and then
do the same for 2D-ordered arrays.

Isolated Nanoparticles Differing by Their Crystallinities.
HRTEM images of isolated nanoparticles of different
initial crystallinities and having undergone oxidation
are shown in Figure 1¢,d, respectively. In both cases, a
few lattice planes of 0.21 nm are observed and could
be indexed as CoO. The average diameter of the
particles produced from polycrystalline or single-
domain nanocrystals is increased from 7.2 to 9.9 nm. The
size distributions of the oxidized nanoparticles derived
from polycrystalline and single-domain nanoparticles
are 10 and 12%, respectively (Supporting Information,
Figure S2). These data clearly indicate that the oxida-
tion of isolated nanoparticles is essentially indepen-
dent of their initial crystalline structure. To confirm this
claim, the structure of the samples after oxidation is
investigated by scanning transmission electron micro-
scopy (STEM), where multiple signals can be collected,
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Figure 2. STEM images of isolated nanocrystals after oxidation: (a) HAADF-STEM image of polycrystalline Co after oxidation;
(b) summed spectrum image taken from the rectangle from (a); (c) elemental map for cobalt, using the Co L-edge; (d)
elemental map for oxygen, using the O K-edge; (e) superposition of cobalt and oxygen maps. (f) HAADF-STEM image of single-
domain hcp Co after oxidation; (g) summed spectrum image taken from the rectangle from (f); (h) elemental map for cobalt,
using the Co L-edge; (i) elemental map for oxygen, using the O K-edge; (j) superposition of cobalt and oxygen maps.

including the bright-field (BF) and high-angle annular
dark-field (HAADF) or Z-contrast images, along with
spectroscopic signals—in our case, the electron energy
loss spectrum (EELS). Figure 2 shows typical STEM
images of isolated nanoparticles from both the poly-
crystalline and single-domain phases after oxidation.
Figure 2a is a HAADF image of several isolated poly-
crystalline Co nanoparticles, which is used as a refer-
ence to record a spectrum image. Figure 2b is the
summed spectrum image from the selected area in
Figure 2a, from which chemical maps for cobalt and
oxygen, using, respectively, the Co L-edge (Figure 2c)
and O K-edge (Figure 2d), are collected. The chemical
maps of the isolated nanoparticle clearly show similar
and homogeneous contrasts throughout the nanopar-
ticle. The superimposition of the two signals exhibits
a uniform purple pattern of pure Co,O, (Figure 2e).
Note that the shape of the isolated nanoparticle has
become irregular, and a surface hole is also observed,
indicating that a surface reconstruction induced by the
oxidation process occurs in spite of the surface coat-
ing of organics. STEM images of isolated nanocrystals
from the hcp phase after oxidation are presented in
Figure 2f—j, and the chemical maps of one nanocrystal
are generated from the summed spectrum image of
Figure 2g. As with polycrystalline Co nanoparticles,
homogeneous contrasts are obtained at the Co L-edge
(Figure 2h) and O K-edge (Figure 2i). The superimposed
Co and O signals (Figure 2j) indicate a pure Co,0,
structure. For both samples, the corresponding EELS
profiles are shown in Figure S3 (Supporting Information),
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from which one can observe peaks assigned to the O
K-edge and the Co L-edge, respectively. No significant
prepeak at 535 eV can be observed. This is a nontrivial
difference between CoO and Co30,4 and is attributed to
the hybridization of the O 2p state with the Co 3d; the
increase in the O K-edge prepeak intensity in Cos0,
compared to CoO is due to the larger number of
unoccupied Co 3d states in Co304. EELS spectral analysis
thus further confirms that the as-formed oxides are CoO,
which is in agreement with the HRTEM result. On the
basis of the above STEM analysis, we can conclude that
the oxidation behavior of isolated nanoparticles does not
depend on the nanocrystallinity and results in the fully
oxidized solid CoO structures. Note that in both cases
deformation of the surface of CoO nanoparticles takes
place. The experiments were repeated on a large num-
ber of isolated nanoparticles, and the data are highly
reproducible.

At this point, we can consider the questions (ii) and
(iii) proposed above. In brief, they concern the influ-
ence of the nanoparticle crystallinity on the oxidation
process when the particles are self-ordered into 2D
superlattices.

Self-Ordered 2D Hexagonal Networks of Polycrystalline Nano-
particles. Figure 3a shows a TEM image of self-ordered
polycrystalline Co nanoparticles freshly deposited on a
grid. Figure 3c shows that after oxidation the 2D array
remains ordered. However, the nanoparticles' contrasts
are no longer homogeneous and exhibit a core/shell
structure. No coalescence between particles is ob-
served. However, from time to time, we observe CoO
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Figure 3. TEM images of 2D hexagonally organized nanoparticles: (a) polycrystalline Co and (b) single-crystalline hcp Co; (c,d)
corresponding TEM images of polycrystalline and single-crystalline hcp Co after oxidation. The inset is the corresponding low-
magnification TEM image as reference, and the enlarged image is selected from the white rectangle.

nanoparticles touching each other, probably because
of the expansion of the Co nanoparticles subjected to
oxidation as observed above for isolated nanoparticles.

Figure 4 shows the simultaneously acquired BF and
HAADF images of the nanoparticles after oxidation.
The HAADF intensity is a function of atomic number as
well as thickness. The atomic numbers of the constitu-
ent elements O (Z=8) and Co (Z = 27) are substantially
different, so the elemental Z-contrast intensity can be
considered useful for the observation of these hetero-
nanostructures. Figure 4a shows a HAADF-STEM image
of an ordered area of oxidized polycrystalline Co
nanoparticles. The inner part of the nanoparticles is
brighter in the beam direction, whereas the outer part
is darker, indicating the non-uniform elemental distri-
bution. The uneven “core” part of the nanoparticles
demonstrates that the oxidation process varies be-
tween different Co nanoparticles. A magnified HAADF
image (Figure 4b) indicates the well-crystallized “shell”
part of the nanoparticle, and the lattice fringe spac-
ings are determined to be 0.21 nm, which is in good
agreement with the (200) plane of the CoO cubic
phase. Various other CoO lattice fringe spacings are
also observed (Figure 4c,d).

A panoramic HAADF-STEM image of hexagonally
ordered oxidized Co nanoparticles is shown in Figure 5a.
The local chemical maps are shown in Figure 5b—d.
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The Co signal (in blue) is present throughout the
nanoparticles and is markedly enhanced in their cen-
tral region (Figure 5b). Conversely, the oxygen signal
(in red) is mainly located at the shell region of the
nanoparticles (Figure 5¢). The superposition of the two
maps reveals a blue center and a purple edge, in agree-
ment with a Co/CoO core/shell structure model, with
shell thicknesses in the range of 2—4 nm (Figure 5d).
The line profile across the center of the 2D superlattices
records their elemental distribution. It clearly shows
that the Co signal is not in phase with that of oxygen
(Figure 5e). The Co profile has minima at the two peaks
in the oxygen profile, indicating well-defined Co/CoO
core/shell structures. From these data, it is clearly
demonstrated that, in contrast to what is observed for
isolated polycrystalline nanoparticles, self-assembled
compact hexagonal layers form core/shell Co/CoO
structures (see also Scheme 1b). These data slightly
differ from those we previously obtained when using
air as the oxidizing agent without a heating setup. In
that case, the polycrystalline Co nanoparticles were
perfectly stable against oxidation. Here, the modified
Schlenk line, as described above, gives a better control
of the oxygen flow, heating process, etc.

Single-Domain Nanocrystals Self-Ordered into a Compact Hexago-
nal Network. The same analysis has been performed on
single-domain hcp Co nanocrystals. Surprisingly marked

VOL.7 = NO.2 = 1342-1350 = 2013 W&)

WWww.acshano.org

1346



changes appear. After oxidation, the TEM image
(Figure 3d) reveals a hollow cavity inside the nano-
crystal (also see Scheme 1b). The average size of the
hollow nanocrystals increases from 7.2 nm (before
oxidation) to 8.3 nm (Supporting Information, Figure S4).
This increase is slightly smaller than that occurring in the

Figure 4. (a,b) HAADF-STEM and (c,d) BF-STEM images of
2D-organized Co polycrystals after oxidation; (e,f) HAADF-
STEM and (g,h) BF-STEM images of 2D-organized hcp Co
single-domain crystals after oxidation.

polycrystalline Co/CoO nanoparticles after oxidation.
Although no coalescence is observed, the contours of
the hollow nanocrystals turn out to be irregular, indicating
that the oxidation process is non-uniform. The forma-
tion of a single void inside the nanocrystals is generally
attributed to the nanoscale Kirkendall effect, which has
proven to be a versatile method for the generation of
vacancies inside inorganic nanocrystals. When Co nano-
crystals are exposed to oxygen at high temperature
(200 °C), an oxide layer is instantly formed on their surface.
Because the outward diffusion of Co ions in this oxide layer
is much faster than the inward diffusion of oxygen, an
inward flux of vacancies will result in the formation of
interior nanocavities at the Co/oxide interface. With the
depletion of the Co atoms accompanied by the condensa-
tion of several nanocavities into a single large cavity,
completely hollow cobalt oxide nanocrystals with a single
large cavity are formed. This evolution mechanism is
similar to that described in a previous report starting with
& phase Co nanocrystals.”> The STEM images of single-
domain self-ordered compact hexagonal arrays of hcp

Figure 6. HAADF-STEM image of 2D-organized hcp Co
single-domain crystals after oxidation; (b,c) cobalt and
oxygen maps collected from the rectangular zone in panel
(a); (d) superposition of the cobalt and oxygen maps.
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Figure 5. (a) HAADF-STEM image of 2D-organized Co polycrystals after oxidation; (b,c) cobalt and oxygen maps collected
from the white rectangle in panel (a); (d) superposition of cobalt and oxygen maps; (e) line profile corresponding to the yellow
line in panel (a).
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Figure 7. (a) TEM image of hcp Co nanocrystals obtained by solution-phase annealing, (c) after oxidation at 200 °C for 10 min.
(b,d) Corresponding ED patterns before and after oxidation. The scale bars in (a) and (c) are 50 nm. T;,,; and T,,; marked on the
ED pattern refer to the internal triplet rings [(100), (101), (002)] and external triplet rings [(110), (103), (112)], respectively.

confirm the drastic change in the final product. The
Z-contrast HAADF image (Figure 4e) confirms the pres-
ence of a cavity in the nanocrystal. In addition, both
high-resolution BF-STEM (Figure 4h) and HAADF-STEM
(Figure 4f) images reveal that the hollow nanocrystals
are well crystallized with lattice planes spaced at 0.22 nm,
corresponding to (200) in cubic CoO. Note that, through-
out the nanocrystal, a single domain of CoO remains
present, contrary to what was observed with native
nanoparticles, where polydomains are observed.
Figure 6a shows the HAADF-STEM image of 2D-ordered
nanocrystals produced from single-domain hcp nanocrys-
tals. Panels b and c of Figure 6 show the Co and O projected
distributions extracted from an EELS spectrum image,
respectively. The Co (blue) and O (red) composite image
demonstrates that the hollow nanocrystals are homoge-
neous in their chemical distribution. From these data, it is
claimed that when single-domain Co nanocrystals are self-
assembled in a compact hexagonal network, hollow CoO
single-domain nanocrystals are produced. This suggests
that both the interdigitation process and nanocrystallinity
are key parameters in the formation of hollow nanocrys-
tals. Here we underline the fact that the single-domain
particles are produced by dry annealing (see the Methods
section) and a degradation of the coating layer during the
thermal treatment could take place, which might be
thought to explain the big difference between polycrystal-
line nanoparticles and single-domain nanocrystals when
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self-assembled into compact hexagonal networks. To
investigate this possibility, we also used a method de-
scribed elsewhere*? in which the annealing process of
polycrystal nanoparticles takes place in solution. At the end
of the synthesis, the Co nanoparticles are dispersed in
dioctylether and 5 mL of the colloidal solution is annealed
at 250 °C for 60 min. Then, 0.8 mL of dodecanoic acid is
added to the solution to prevent any nanocrystal coales-
cence. The TEM image of the annealed colloidal solution
(Figure 7a) and its corresponding electron diffraction (ED)
pattern (Figure 7c) confirm the results already obtained
according to which single-domain hcp Co nanocrystals are
produced. Such assemblies of nanocrystals are then sub-
jected to the same treatment as those above. Figure 7b
and the corresponding ED pattern (Figure 7d) show the
formation of CoO hollow nanocrystals. This result allows us
to conclude that a clear nanocrystallinity effect occurs
during the oxidation of the self-organized 2D Co nano-
crystal arrays.

CONCLUSIONS

It is well-known that the crystallinity of Co nano-
particles can be controlled over a range going from
polycrystalline fcc Co to single-domain hcp Co nano-
crystals. Here we have demonstrated that the nano-
crystallinity of isolated nanoparticles does not play any
role in the production of deformed polycrystalline CoO
nanoparticles. This is probably due to oxygen diffusion
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through the alkyl chains used to protect the nanocrys-
tals against coalescence. Surprisingly, when these nano-
crystals are self-ordered into a compact hexagonal
network, the oxidation process markedly differs. This
is attributed to the fact that the coating alkyl chains
of the Co nanoparticles reduce the oxygen diffusion
speed. Furthermore, the crystallinity of the nanoparti-
cles remains the major determinant of the final product.
Thus core/shell (Co/Co0) nanoparticles are formed

METHODS

Chemicals. All materials were used without further purifica-
tion: cobalt acetate, dodecanoic acid, sodium borohydride, and
octylether are from Aldrich, isooctane and hexane from Fluka,
sodium di(ethylhexyl)sulfosuccinate (NaAOT) from Sigma. The
synthesis of cobalt(ll) bis(2-ethylhexyl)sulfosuccinate (Co(AQT),)
was described previously.3

Apparatus. Conventional transmission electron microscopy
(TEM) was performed using a JEOL 1011 microscope at 100 kV.
High-resolution transmission electron microscopy was per-
formed using a JEOL 2010 microscope at 200 kV and using a
Nion Ultrastem 100 scanning transmission electron microscope
operating at 100 kV. Scanning TEM (STEM) images were taken
using a high-angle annular dark-field (HAADF) detector. The
probe convergence, EELS collection, and inner and outer
HAADF detector angles were 34, 50, 75, and 210 mrad, respec-
tively. Spectrum images were denoised via principal compo-
nents analysis using the Hyperspy software suite.>***

Synthesis. The synthesis and characterization of Co polycrys-
tals coated with dodecanoic acid have been described in a
previous paper:> reverse micelles of 5 x 1072 M Co(AQT), form
an isotropic phase. The amount of water added in solution is
fixed to reach a water concentration defined as w = [H,0]/[AOT] = 32.
Sodium borohydride, NaBH,, added to the micellar solution
reduces the cobalt ions. The sodium borohydride content is
defined as R = [NaBH,;)/[Co(AOT),] = 6. Immediately after NaBH,
addition, the micellar solution color changes from pink to
black, indicating the formation of colloidal Co nanocrystals.
The nanocrystals are coated and then extracted from the
surfactant. The coating process is as follows: 0.2 M lauric acid,
C41H,3COO0H, is added to the solution containing nanocrystals,
surfactants, water, and isooctane, inducing a chemical bond
between the oxygen of dodecanoic acid and the Co atoms
located at the interface. The coated Co nanocrystals are then
washed and centrifuged several times with ethanol to remove
all of the AOT surfactant, and the black powder obtained is
dispersed in hexane. In order to eliminate the largest nano-
crystals formed, the solution is again centrifuged and only the
upper part containing the smallest sized nanocrystals is col-
lected. At the end of the synthesis, ~7 nm cobalt nanocrystals
coated with dodecanoic acid with a ~10% size distribution are
produced. The entire synthesis is carried out in a N, glovebox
using deoxygenated solvents to prevent particle oxidation.

Dry-Phase Annealing and Oxidation of the Samples. After deposi-
tion of the native Co nanocrystals solution on the TEM grids, the
samples were loaded into the oxidation apparatus, which is
illustrated in Scheme 1. The oxidation apparatus was based on a
modified Schlenk line, including high-vacuum pump, source of
inert gas (Ar), and source of oxygen gas (O,). After loading into
the apparatus, the samples were subjected to the vacuum
pump Ar flow three times in order to remove the air. The
heating setup was preadjusted to 250 °C to anneal the samples.
The annealing process takes place under an argon flux, whose
rate is determined by gas bubbles (2 bubbles/s). After 60 min
aging at 250 °C, the heating setup was removed in order to stop
the annealing process. When the samples were subjected to
pure oxygen, the heating setup was preadjusted to 200 °C. After
10 min, the heating setup was removed and the oxygen flow
was replaced by an argon flow in order to stop the oxidation
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by the oxidation of polycrystalline nanoparticles,
whereas hollow CoO nanocrystals are obtained from
single-domain hcp nanocrystals following the general
mechanism of the nanoscale Kirkendall effect. This
change in the final product is attributed to the fact
that, when single-domain nanocrystals are formed,
the outward diffusion process of Co atoms through
an oxide layer is faster than the inward diffusion of
oxygen.

immediately. After cooling by an argon flow to room tempera-
ture, the samples were characterized by TEM and STEM.

Solution-Phase Annealing and Oxidation of the Samples. The native
Co nanocrystals were annealed at 250 °C. The solvent used was
octylether, whose boiling point is 286 °C. Two milliliters of 1072 M
of the colloidal solution resulting from the synthesis was first
evaporated to remove the original solvent (hexane). Then, the
powder was redispersed in 5 mL of octylether. The annealing
treatment took place in a refluxing bath. This is a four-necked
flask allowing a nitrogen flux, the control of the solution tem-
perature, the injection and the withdrawing of the solution with
a syringe in order to avoid any oxidation of cobalt, and the
refluxing of the solvent during the heating step. The solution
was heated to the required temperature with a heating rate of
10 °C per minute up to 140 °C then more slowly with a heating
rate of 2 °C per minute. Once the temperature was reached, it
was maintained for 60 min and then cooled under stirring. Then,
using the syringe, the sample was removed from the flask
and placed inside a glovebox under a N, flux. Then, 0.8 mL of
5 x 107> M dodecanoic acid was added in order to avoid
aggregation of the nanocrystals. The solution was left overnight
and then subjected to cleaning cycles via suspension in ethanol
and centrifugation twice to ensure a complete removal of
octylether and dodecanoic acid in excess. Finally, the nano-
crystals were dispersed in 0.5 mL of hexane. The annealing
treatment and all other steps occurred under a N, flux.
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