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Herein we describe the first synthesis of pure mono-disperse
spherical hcp-nanocrystals ferromagnetic at room temperature.
Our strategy, based on the simple combination of oleylamine and
ClCo(PPh3);, allows the one-pot synthesis of size-controlled
hcp-nanocrystals. The size and shape of the nanocrystals can be
tuned by varying the reaction time or the concentration.

Recent studies have shown that nanocrystals (NCs) can play an
important role in many different fields." In biology,” they can
be used in a new drug-delivery system®” or in hyperthermia
treatment of cancer.”* In catalysis, NCs are applied in a wide
range of reactions® with different behaviors depending on the
morphology.®® In magnetism," a wide range of applications can
be found starting from the storage of information®® to nano-
electronics and spintronics’® and also magnetocaloric
materials, designing new alloys allowing cooling.> Among these
materials cobalt NCs are of particular interest due to their
unique magnetic properties. Indeed cobalt NCs exist in three
crystalline forms, hcp (hexagonal close-packed), fcc (face-
centered cubic) and e-cobalt; the first one being the most inter-
esting in terms of magnetic properties due to its high magneto-
crystalline anisotropy.® Indeed, the use of magnetic nano-
particles for high density storage of information requires small
nanoparticles with high magneto-crystalline anisotropy at
usable temperature.” Moreover, several publications relate the
use of cobalt NCs in catalysis. However, to use such nano-
crystals for these applications, in magnetism or catalysis, it is
necessary to control the shape, size, phase and purity of the
surfaces. Putzer published the first synthesis of hcp-Co report-
ing a shape control of the NPs in 1995.” The authors described
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Hcp cobalt nanocrystals with high magnetic
anisotropy prepared by easy one-pot synthesist
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the synthesis of hcp-Co nanodisks by the decomposition of
Co(OH), in basic aqueous media. Under such conditions, the
formation of a cobalt oxide surface was impossible to eradicate
and hence this synthesis was not further used. Nowadays,
polyol synthesis of nanoparticles appears to be one of the “sim-
plest” routes to prepare NPs involving the reduction of in-
organic salt at high temperature (depending on the polyol).?
This is also the most representative approach of a complicated
mixture synthesis of nanoparticles as variations in the polyols,
cobalt salt, surfactant, even bi-surfactant mixture, and ruthe-
nium seed additive allow us to obtain different shapes, sizes
and phases (mainly fcc-Co and hcep-Co) of nanocrystals
(Scheme 1a).” However, in the last few decades, two other pro-
cesses have been developed to produce mono-disperse Co NCs
under milder conditions using Co(0 or 1) organometallic pre-
cursors instead of inorganic salts (Scheme 1b). The first one is
related to Carbonyl Metal Complexes (CMC) and their thermal
decomposition to generate nanoparticles. For example, the
thermolysis of Co,(CO)s allows the formation of nanoparticles
of different sizes and shapes depending on the surfactants/
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Scheme 1 Different approaches to cobalt nano-objects.
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Table 1 Comparisons between cobalt(l) and cobalt(i) complex reduction
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Entry Co source Reducing reagent T (°C) Solvent Surfactant NPs*
1 Cl,Co(PPhy), No 190 OAm OAm No

2 CICo(PPh;); No 190 OAm OAm MD”
3 CICo(PPh;); NaBEt;H rt Toluene OAm PD°
4 CICo(PPh;); NaBEt;H rt Toluene OAc PD*
5 ClCo(PPh;); NaBH, rt Toluene/water OAc PD*
6 Cl,Co(PPh;), NaBH, 190 OAm OAm No

“ All synthesis were run for 1 hour. ? Monodispersity (MD) was observed by TEM. ¢ Polydispersity (PD) was observed by TEM.

ligands present in the medium adopting mainly the new
e-cobalt phase.'®

It is worth noting that “to obtain a pure fraction of hcp-Co
disks containing no e-spheres, it is necessary to physically
separate the two populations after the reaction is quenched”
as pointed by Puntes.'' The second one deals with
Hydrocarbyl Complexes (HC) such as Co(n*-CgHi3)(n*-CsHy,)
that readily decompose at lower temperature (around 150 °C)
under dihydrogen pressure (usually 3 bars).">"® Depending on
the presence of a polyphenylenoxide polymer or a mixture of
oleic acid, oleylamine, and more recently rhodamine, spheri-
cal,’” nanowires"® or disk-shaped'* hep-Co NCs can be respect-
ively obtained. However, if these two last conditions are milder
with no reduction step, the use of carbon monoxide as a
ligand (CMC approach) or hydrogen pressure (HC approach)
still requires specific equipment in the laboratory.

Moreover, these organometallic precursors are not readily
available on a large scale and often annealing is necessary to
obtain pure hep-Co phases.'?

Thus, it is still a real challenge to develop a more simple
synthesis procedure for pure hcp-Co nano-objects. Based on
cobalt(u) salt and cobalt(0 or 1) organometallic approaches, we
decided to develop an in-between strategy. The idea is to use
well-defined cobalt() halide complexes in the presence of
oleylamine (OAm) which should act as a solvent, a surfactant
and a reducing reagent (Scheme 1).*°

We chose to use the cobalt(i) complex ClCo(PPh;); which
has several advantages over other organometallic precursors."”
Its synthesis can be carried out on a very large scale (more
than 30 grams in our laboratory), using cheap and easy to
handle reagents (triphenylphosphine: TPP, sodium-boro-
hydride: NaBH,). Moreover ClCo(PPh;); is fairly stable in the
solid state and can be synthesized and manipulated outside a
glove-box. We first studied the synthesis of cobalt nano-
particles using the method of Sun'® with the cobalt(n)
complex Cl,Co(PPh;), (entry 1, Table 1) or with the cobalt(i)
complex ClCo(PPh;); (entry 2, Table 1) in OAm at 190 °C. The
Co(u) complex did not form any nanoparticles as already
observed by Sun with Co(acac),. However, using the analog
Co(1) complex, after 1 hour we observed the formation of
spherical shaped monodisperse Co-NCs as confirmed by
Transmission Electron Microscopy, TEM (Fig. 1). These two
first results suggest that oleylamine is a too weak reducing
reagent for the cobalt(u) salt, but enough for the cobalt(i)
complex. In order to reduce the reaction temperature, we tried

This journal is © The Royal Society of Chemistry 2016
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Fig.1 9.2 nm spherical cobalt nanoparticles with 6% polydispersity
self-organized in (A) 2D and (C) thin 3D assemblies as obtained by drop
deposition on amorphous carbon. (D) Superlattices obtained by slow
evaporation on a graphite substrate.

to use the complex CICo(PPh;); in the presence of more con-
ventional reducing reagents (NaBH, or NaBEt;H) and in the
presence of oleylamine (OAm) or oleic acid (OAc) (entries 3-5,
Table 1). However, in all the cases the formation of only poly-
morphic and polydisperse NPs was observed (see ESI Fig. S17).
It is surprising to note that NaBH, is not reducing enough for
the cobalt(1) complex when the solvent is OAm and no NPs can
be formed even at 190 °C (entry 6). Hence, only the protocol
described in entry 2 allows the formation of 9.2 nm spherical
Co NPs, characterized by very low polydispersity of 6% (Fig. 1A
and B). This NP size distribution favors self-organization in a
long range 2D hexagonal ordering (Fig. 1A) and thin 3D assem-
blies (Fig. 1C) as obtained by simply depositing a drop of solu-
tion containing NPs onto amorphous carbon substrates. When
a concentrated solution is allowed to slowly evaporate on a
graphite substrate, well-developed supracrystals sitting on
their larger flat facets are observed (Fig. 1D). This is the charac-
teristic of the formation of the so called “supracrystals” result-
ing from the 3D periodic arrangement of the nanocrystals
either in fcc or hep organization.'®'?

Nanoscale, 2016, 8, 18640-18645 | 18641
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This is due to the attractive van der Waals interactions
between the metallic core and the “chemical bonds” of self-
assemblies resulting from the interdigitation of the ligand
molecules.”® 1t should be noticed from Fig. 1A that the
deduced interparticles distance is 4.1 nm, which drastically
limits the interparticle interaction.”® As a consequence no
aggregation occurs in the solvent or on the substrates during
the deposition process. Indeed the 2D patterns are purely hexa-
gonal and also the thin 3D patterns (Fig. 1A and C). In the
case of dipole-dipole interaction non-close-packed superlat-
tices are often observed,> which is not the case here (Fig. 1
and 2A). Indeed, we can affirm that no aggregation occurs in
solution due to dipolar interaction.

The structural characterization has been performed by TEM
and high resolution TEM (Fig. 2). A typical electronic diffrac-
tion pattern (Fig. 2B) obtained for a collection of nanocrystals
(Fig. 2A) consists of 7 diffraction rings characterized by
0.216 nm, 0.203 nm, 0.190 nm, 0.146 nm, 0.125 nm, 0.114 nm
and 0.106 nm distances from the center to the outward ring,
respectively.

0.216nm
0.203nm
0.190nm

0.146nm

0.125nm
0.114nm
0.106nm

Fig. 2 Structural characterization of cobalt NPs (A) bright field image,
(B) electronic diffraction of an assembly of NPs, (C) dark field image
corresponding to the (002) and (101) reflections, (D) HRTEM image and
the corresponding FFT (E). Circle on (B) corresponds to the diffraction
conditions for the dark field image.
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These distances correspond to the (100), (002), (101), (102),
(110), (103) and (201) planes of the hcp structure of cobalt
metal, when compared with the bulk values (Table 2). It must
be noted that the rings are constituted of a collection of spots
typical of the different nanocrystal orientations. To determine
the crystallinity of the Co NCs, a dark field image (Fig. 2C)
corresponding to a bright field image (Fig. 2A) were compared
on a collection of particles considering the first triplet of the
hep structure (i.e. corresponding to the (100), (002) and (101)
planes). NCs not oriented in the Bragg direction appear black
whereas the ones in the Bragg direction appear very bright.
The fact that the NCs are uniformly bright or dark gives evi-
dence of the monocrystallinity of the particles. The HRTEM
image taken on individual nanocrystals exhibits three different
lattice planes (Fig. 2D). This is well illustrated in the calculated
power spectra which have three reflection pairs labeled 1, 2
and 3 (Fig. 2E). The deduced distances d; = 0.220 nm and d, =
0.198 nm = d3 = 0.196 nm correspond to the {101} and {100}
reflections of the hcp structure for lattice parameters (a =
0.254 nm and ¢ = 0.416 nm) slightly higher than for bulk
values (Table 2). Both lattice plane distances and the angle
between the directions d,,d, (63.3°) and d,,d; (52.9°) are
characteristic of hecp Co NCs in the [011] orientation. Thus,
both the electron diffraction of a collection of NCs and the
structural investigation of an individual NC confirm the
formation of monocrystalline hcp Co NCs.

Knowing the magnetic anisotropy of the hcp Co (K = 4.1 x
10° J m™?), the superparamagnetic diameter of a spherical NC

spm
cr

1/3
L 6 X
is given by DSP™ = (— ijm) where D" is the superpara-
T

. . . 25kp T .
magnetic critical diameter and VP™ ~ (Tb) is the volume

of ferromagnetic particles obtained on SQUID apparatus at
room temperature, T = 300 K.>* These estimations presume
spherical particles with a very large measurement time com-
pared to the Neel relaxation time of the magnetic nanocrystals.
The case here is that SQUID measurements need about 60 s
per point when the relaxation time is on a nanosecond scale.?®
For hcp cobalt NCs, the deduced critical diameter is 8 nm,
i.e. particles larger than 8 nm should be ferromagnetic at

Table 2 Theoretical reticular distances for bulk hcp Co, distorted hcp Co, and fcc Co compared to the experimental value. All data are in A

h k l dhkl(fec) theoretical dhki(hcp) theoretical dhki(hep) theoretical (2% of distortion) dhkl(hcp) experimental
1 0 0 2.171 2.200 2.20
0 0 2 2.025 2.080 2.08
1 0 1 1.916 1.945 1.95
1 0 2 1.485 1.511 1.51
1 1 0 1.254 1.270 1.24
1 0 3 1.150 1.173 1.16
2 0 0 1.086 1.100 —

1 1 2 1.067 1.084 1.07
1 1 1 2.046

2 0 0 1.772

2 2 0 1.253

3 1 1 1.069
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Fig. 3 (A) M(H) curve obtained for isolated 9.2 nm spherical hcp Co
NCs in solution measured at 3 K (black line) and 300 K (red line). (B)
Same particles in interaction (deposited on polymeric substrates).

room temperature. This should be the case of the present
9.2 nm hcp cobalt nanocrystals. To confirm this assumption,
magnetic measurements have been performed on the isolated
nanocrystals dispersed in solution (i.e. without magnetic inter-
actions). Typical M(H) curves are reported in Fig. 3 A at 3 K
(black line) and 300 K (red line). They are normalized by the
magnetization at saturation, M. Clearly an open hysteresis
loop is observed, whatever the temperature, characteristic of a
ferromagnetic behavior. The saturation is reached at 1 Tesla
and, as expected, the coercive field (H.) decreases with temp-
erature (300 Oe at 3 K and 70 Oe at 300 K). This clearly con-
firms the ferromagnetic behavior, even at room temperature,
of the 9.2 nm hcp-Co nanocrystals. Furthermore, the reduced
remanence, M,/M; = M(H)/M; at H = 0, is equal to 0.40 and is
in good agreement with the expected value of 0.50 for spheri-
cal nanocrystals having a uniaxial anisotropy,>*>*> which is the
case of hcp-Co NCs. The value expected for spherical NCs with
cubic anisotropy (case of fcc-Co NCs) is 0.83. The lower value
obtained here (0.4 instead 0.5) is due to the surface effect
(spin canting, passivating agent etc.) as generally observed for
magnetic nanoparticles.”®*” The narrowing of the M(H) curve
at H close to 0 should also be noticed. This effect is often
observed in non-interacting magnetic nanoparticles and
reflects the distribution of magnetic anisotropy mainly due to
the size distribution or to various surface states.>”*®

As the same nanoparticles are in interaction (i.e. assembled
on a polymeric substrate (adhesive tape) by depositing several
drops of toluene containing solution until complete evapo-

This journal is © The Royal Society of Chemistry 2016
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ration), the M(H) curve is strongly modified as the H, increases
at 3 K to reach 760 Oe at 3 K and 208 Oe at 300 K. This is due
to the dipolar interaction, due to the vicinity of the nanocrys-
tals when they are agglomerated on the substrates compared
to the case where they are isolated in solution. Furthermore, as
the dipolar interactions are long range scale, the narrowing of
the M(H) curve close to H = 0 is no more observed. This con-
firms the weakness of the magnetic interaction in the case of
isolated cobalt NCs in solution.

We next studied if it was possible to tune the shape and the
size of the cobalt NPs by varying simple parameters such as
the concentration and reaction time. Reducing the concen-
tration by a factor of two with the same temperature, 190 °C,
and reaction time, 1 h, led to the formation of 7.8 nm Co NCs
(6% of polydispersity) (see ESI Fig. S3A and Bf). Crystallinity
characterization proved that these smaller particles are also
hep-Co NPs (see ESI Fig. S2Ct). Surprisingly, increasing the
concentration (by a factor 2) did not allow the formation of
bigger hcp-NPs. Formation of hcp-Co NPs of 9.1 nm was
observed, suggesting that under such conditions (temperature
and reaction time) a maximum size is reached (see ESI
Fig. S3t). However, changing the reaction time from the stan-
dard conditions (Table 1, entry 2) has a tremendous effect.
Indeed, by increasing the reaction time, a morphological tran-
sition occurs from spheres to rods with different aspects, the
ratio depending on the reaction time (see ESI Fig. S41 and
Fig. 4 after 540 minutes).

The electronic diffraction pattern (Fig. 4B) obtained for a
collection of nanorods (Fig. 4A) consists of 5 diffractions rings.
The rings characterized by 0.22 nm, 0.197 nm, 0.119 nm and
0.107 nm distances correspond to (101), (103) and (112) planes
of the hep structure of cobalt metal whereas the 0.174 nm dis-
tance can be attributed to the fcc cobalt structure. It has to be
noted that the nanorods are very thin and few rods contribute

Fig. 4 Structural characterization of cobalt nanorods (A) TEM image of
cobalt nanorods, (B) electronic diffraction of cobalt nanorods, (C, D)
HRTEM image and corresponding FFT (E).

Nanoscale, 2016, 8, 18640-18645 | 18643
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Fig. 5 M(H) curve obtained for Co nanorods isolated in solution
measured at 3 K (black line) and 300 K (red line).

to the electronic diffraction explaining the discrete diffuse
rings consisting of spots. The HRTEM image of individual
nanorods exhibits 3 different lattice planes (Fig. 4C and D). It
is well illustrated in the calculated power spectra (Fig. 4E)
which have three reflection pairs labeled 1, 2 and 3 character-
ized by distances d; = 0.215 nm = d, = 0.216 nm and d; =
0.141 nm corresponding to the {100} and {102} reflections of
the hcp structure. However, in that case the crystal orientation
is not clear at all. To further understand this unexpected mor-
phological transition, wide angle and small angle X-ray scatter-
ing studies are in progress. Again, the magnetic characteriz-
ation of isolated nanorods has been performed and a hyster-
esis loop is observed both at 300 K and 3 K, which confirms
the presence of ferromagnetic nanorods. The coercive field,
H. as already observed, decreases with temperature (380 Oe at
3 K and 60 Oe at 300 K). The reduced remanence at 3 K is found
to be equal to 0.7, when it decreases to 0.4 at 300 K. The higher
value of M;/M; observed at 3 K for these uniaxial nanocrystals,
compared to the expected value of 0.5 (ref. 24) or to the value
obtained for the spherical NCs (0.4), could be due to a partial
alignment of the nanorods with the applied magnetic field,
when they are isolated in solution and thus allow one to move to
follow the magnetic field.>® Thus, magnetic measurements
clearly confirm the uniaxial anisotropy of the nanorods (Fig. 5).

Conclusions

In conclusion we described herein a one-pot synthesis of hcp-
cobalt NCs using the simple combination of an easily accessi-
ble well-defined cobalt(r) complex [ClCo(PPh;);] and oleyl-
amine. The resulting NCs have been well characterized and
clearly are ferromagnetic at room temperature. This new gram-
scalable synthesis allows one to control the size and the shape
of magnetic nanocrystals depending only on the reaction con-
ditions (time, concentration etc.). From an economical point
of view, the obtention of a solution containing shape- and
size-controlled ferromagnetic hcp-cobalt NCs opens a wide
range of applications. Mechanistic studies for the formation of
the NCs and the morphological transition are under progress.
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