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We report a combined experimental and computational study on the critical role of surfactants in the nucleation and
growth of Co nanoparticles synthesized by chemical routes. By varying the surfactant species, Co nanoparticles of
different morphologies under similar reaction conditions (e.g., temperature and Co—precursor concentration) were
produced. Depending on the surfactant species, the growth of Co nanoparticles followed three different growth
pathways. For example, with surfactants oleic acid (OA) and trioctylphosphine oxide (TOPO) used in combination, Co
nanoparticles followed a diffusional growth pathway, leading to single crystalline nanoparticles. Multiple-grained
nanoparticles, through an aggregation process, were formed with the combination of surfactants OA and dioctylamine
(DOA). Further, an Ostwald ripening process was observed in the case of TOPO alone. Complementary electronic
structure calculations were used to predict the optimized Co—surfactant complex structures and to quantify the binding
energy between the surfactants (ligands) and the Co atoms. These calculations were further applied to predict the Co
nanoparticle nucleation and growth processes based on the stability of Co—surfactant complexes.

Introduction

The synthesis of high-quality magnetic nanoparticles has been
well-studied over the past decade, owing to their potential
applications in various fields, such as high density data storage
(e.g., FePt) and biomedicine (e.g., iron oxide)."* Applications of
metallic magnetic nanoparticles has been limited by their sensi-
tivity to oxidation. There is a growing interest to explore the
potential of metallic magnetic nanoparticles for their high mag-
netic moments. Synthesis of monodispersed Co nanoparticles in
solution has been reported using high-temperature reduction,’
inverse micelle,* and high-temperature injection methods.>® For
the high-temperature injection method, the particle size and shape
are primarily controlled by the surfactants. It has also been shown
that the precursor’ and reaction temperature® can lead to shape
control. The crystal structure of spherical Co nanoparticles is
mainly epsilon cobalt, a metastable phase with a cubic cell.”
Extensive studies of nanoparticle formation mechanisms in solut-
ion at high temperature have been focused on semiconductors'®!!
and iron oxides.'>' Little work has been dedicated to study the
formation process of metallic magnetic nanoparticles, primarily
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due to their propensity for oxidation. Further understanding of
metallic nanoparticle synthesis will not only benefit the biological
applications that require high magnetic moments' but also
provide valuable information to other fields, such as catalysis.

It is generally accepted that nucleation and growth are the key
steps in the nanoparticle formation process, and the supersatura-
tion level is the driving force to initiate the nucleation events.'®
Simulation performed on semiconductors and iron oxides also
suggested that the separation of nucleation and growth is the key
to achieve monodispersity.'> The most acceptable mechanism is
the classic LaMer theory, which suggests a burst nucleation
followed by a diffusional growth, leading to monodisperse
nanoparticles, due to the temporally discrete nucleation.'® It
has also been suggested that nuclei may initially follow diffusional
growth to form primary small particles, and then these primary
particles aggregate into the final particles; this process is the so-called
“aggregation of subunits” mechanism.'”'® This mechanism can
also lead to monodispersity according to this theoretical model,
which suggests that the aggregation process is triggered by the
elimination of the repulsive barrier and the diffusion rate of the
primary particles, leading to size selection. Further, if nucleation
is not a one-time event or if nuclei cannot grow at the same time,
an Ostwald ripening process will occur.'® During this process, the
smaller particles will dissolve (due to their high surface energy),
feeding the growth of larger particles. It remains unclear whether
or not a specific particle growth pathway can be selectively
achieved.

In this study, we present evidence for different surfactant-
mediated growth pathways of Co nanoparticles in a single system.
For example, the Co nanoparticles followed a diffusional growth
pathway when surfactants oleic acid (OA) and trioctylphosphine
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Figure 1. Schematic illustration of the cobalt nanoparticle formation.

oxide (TOPO) were used during the synthesis procedure. Multi-
ple-grained nanoparticles were formed through an aggregation
process in the presence of surfactants OA and dioctylamine
(DOA). An Ostwald ripening process was observed with surfact-
ant TOPO alone. In conjunction with our electronic structure
calculations, these experimental observations can be rationalized
by the relative stability of the various Co—surfactant complexes.
These results provide an improved understanding of metallic
magnetic nanoparticle formation in solution.

Experimental Methods

Chemicals. All chemicals were purchased from Sigma-Aldrich
unless otherwise indicated and used without further purification.
This includes dioctacarbonyldicobalt containing 1 —5% hexane as
a stabilizer (Alfa), 1,2-dichlorobenzene (DCB) anhydrous 99%,
tri-n-octylphosphine oxide (TOPO) 99%, di-n-octylamine (DOA)
98%, and oleic acid (OA) 99+%.

Synthesis of Co Nanoparticles. (1) Single crystalline Co
nanoparticles: 1.58 mmol (0.54 g) of cobalt carbonyl dissolved in
3 mL of DCB was injected into DCB (182 °C) containing a
mixture of 0.62 mmol (0.2 mL) of oleic acid and 0.26 mmol (0.1 g)
of TOPO, refluxed for 15 min, and then aged for 15 min at a lower
temperature (140 °C). (2) Multiple-grained Co nanoparticles: 1.58 mmol
(0.54 g) of cobalt carbonyl dissolved in 3 mL of DCB was injected
into DCB (182 °C) containing a mixture of 0.62 mmol (0.2 mL) of
oleic acid and 0.61 mmol (0.34 mL) of DOA, refluxed for 15 min,
and then aged for 15 min at a lower temperature (140 °C). (3)
Large (20 nm) Co nanoparticles: 1.58 mmol (0.54 g) of cobalt
carbonyl dissolved in 3 mL of DCB was injected into DCB
(182 °C) containing 0.26 mmol (0.1 g) of TOPO, refluxed for 45 min,
and then aged for 15 min at a lower temperature (140 °C).

Characterization. The size and morphology of the Co nano-
particles were characterized with transmission electron micro-
scopy (TEM): a Philips-CM 100 was used for routine bright field
imaging, and HRTEM images were obtained with a Philips-CM
200. Samples for TEM analysis were prepared by drying a drop of
nanoparticle solution on a carbon-coated copper grid.

Theoretical Methods. All of the electronic structure calcula-
tions were performed using Gaussian03.?° The geometric optimi-
zations of the Co—surfactant complexes were performed using all-
electron density-functional theory (DFT), with the popular
B3LYP (Becke, three-parameter, Lee—Yang—Parr)*"** hybrid
exchange-correlation functional. The 6-31+G(d) basis set** %
was chosen for Co and the functional groups with lone electron
pairs (N, O, and P), while the 3-21G basis set was used for
hydrocarbon chains (C and H). The interactions between Co
and surfactants (ligand) in which the lone pairs play a key role are
well-addressed with the diffuse functions that are included in the
6-31+G(d) basis set. The binding energy (BE) is defined as BE =
[ECO*COITIpleX - (ECO*ﬁlOln + NEsurfactant)]s where E is the total
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energy and N is the ligand coordination number for the
Co—complex. Hence, negative (positive) values of BE denote an
exothermic (endothermic) binding process.

Results and Discussion

Co nanoparticles were synthesized via thermal decomposition
of cobalt carbonyl in a hot solvent containing the surfactant
mixture; the details were reported elsewhere.’®?” In short, the
cobalt carbonyl (precursor) dissolved in 1,2-dichlorobenzene
(DCB) was injected into hot solvents (DCB, 180 °C) in the
presence of various surfactants. Co nanoparticles stabilized by
surfactants were then obtained after achieving growth equilibrium.
During this process, Co atoms were produced soon after the
injection because the reaction temperature (182 °C) was much
higher than the decomposition temperature (52 °C) of the cobalt
carbonyl precursor.”® The produced Co atoms were highly
reactive, and they either immediately interacted with each other
in the locally concentrated environment, forming nuclei contain-
ing a number of Co atoms, or they rapidly reacted with surfact-
ants in solution, forming Co—surfactant complexes. The nucleat-
ion process stops once the Co monomer concentration drops
below the critical supersaturation level. The concentration of the
nuclei is determined by the supersaturation level with higher
supersaturation level corresponding to higher nucleus concen-
tration.'” The size of the nuclei is related to the close-shell
configuration, the so-called magic sizes.”” Here, we assume that
all of the nuclei are the same size due to the similar experimental
conditions. The interactions between the Co atoms and the
surfactants can be identified as coordination bonding, in which
N and O from the functional groups (e.g., —COOH, —NH,, and
—PO) of the surfactants, donated the lone-pair electrons to the
partially empty d orbitals of the Co atoms, rendering Co atoms
with partial negative charges. The formation process of the Co
nanoparticles is illustrated in Figure 1. After nucleation, the
reaction solution contains nuclei, free Co atoms, and Co—surfact-
ant complexes.

For a given precursor concentration, the formation of
Co—surfactant complexes will directly influence the concentrat-
ion of Co atoms for nucleation process, the so-called super-
saturation level. The nucleation process takes place too rapidly to
be experimentally examined or observable on measurement time
scale.'? Therefore, our studies were primarily focused on quanti-
fying the influence of the surfactants on the nanoparticle growth.
Three different surfactants of various combinations were studied
at fixed precursor (cobalt carbonyl) concentration and fixed
reaction temperature. The surfactants used in our study were
oleic acid (OA), di-n-octylamine (DOA), and tri-n-octylpho-
sphine oxide (TOPO), and these surfactants contain an array of
different functional groups: carboxylic (—COOH), phosphine

(26) Bao, Y.; Beerman, M.; Pakhomov, A. B.; Krishnan, K. M. sl
2005, 109, 7220.

(27) Bao, Y.; Pakhomov, A. B.; Krishnan, K. M. ai. 2005,97,10J317.

(28) Blums, E.; Cebers, A.; Maiorov, M. M. Magnetic Fluid, Walter de Cruyter:
Berlin, 1997.

(29) Peng, Z. A.; Peng, X. G. jnninuniimmiay 2002, /24, 3343.

DOI: 10.1021/1a902120e 479


http://pubs.acs.org/action/showImage?doi=10.1021/la902120e&iName=master.img-001.jpg&w=300&h=70

Article

Bao et al.

Figure 2. TEM images of the nanoparticles grown in the presence of surfactants OA and TOPO at different stages: (A) 1, (B) 5, (C) 10, (D) 15,
and (E) 30 min. (F) High-resolution TEM image showing the highly crystalline particle structures.

Figure 3. TEM images of nanoparticles grown in the presence of surfactants OA and DOA at different stages: (A) 1, (B) 5, (C) 10, (D) 15, and
(E) 30 min. (F) High-resolution TEM image showing the multiple-grained particle structure.

oxide (—PO), and amine (—NH,) groups, respectively. The size
and geometrical features of these surfactants are also different.
For example, OA has a single C;gH33 chain with a kink (C=C
double bond) at the ninth carbon, TOPO has three CgH ;7 chains,
and DOA has two CgH 7 chains. The nanoparticle growth process
was studied by extracting fractions of reaction solution at
different time intervals and then dropping on grids for TEM
observations without any wash or further cleaning. Such TEM
samples represent the reaction condition at that particular time.

Figure 2 shows the particle growth process when surfactants
OA and TOPO [Co/(OA + TOPO) = 3.5:1; OA/TOPO = 2.3:1]
were used. The particle growth process at various reaction stages
(1, 5, 10, 15, and 30 min) is depicted in the TEM images of the
corresponding samples (Figure 2A—E). At the beginning stage, a
dark background with only few particles is observed, likely due to
the monomers and the high nuclei concentration. The TEM grid

480 DOI: 10.1021/1a902120e

of the sample taken at | min was covered with small monodisperse
nanoparticles (3—4 nm). The nanoparticle sizes gradually increa-
sed with time, but the size distribution was relatively uniform for
the duration of the growth; at 15 min, 10 nm Co nanoparticles
were formed. Between 15 and 30 min, no significant change in
particle size was observed. The crystal structures of the final
particles were examined with high-resolution TEM (HRTEM),
indicating the formation of single crystalline Co nanoparticles
(Figure 2F).

The nanoparticle growth process in the presence of both OA
and DOA[Co/(OA + DOA)=2.5:1; OA/DOA =1:1]is illustrated
in Figure 3. The TEM images of the nanoparticles at different
reaction stages (1, 5, 10, 15, and 30 min) are presented in
Figure 3A—E. A uniform size distribution of the nanoparticles
was observed throughout all the stages, but with an increase in
particle size. However, the final 10 nm nanoparticles exhibited

Langmuir 2010, 26(1), 478-483
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Figure 4. TEM images of nanoparticles grown in the presence of surfactant TOPO alone at different stages: (A) 1 min, (B) 5 min, (C) 15 min,
(D) 30 min, and (E) 1 h. (F) HRTEM image showing the single crystalline structure.

Figure 5. Optimized structures of Co—surfactant complex: (A) Co—(TOPQO),, (B) Co—(DOA),, (C) Co—(0A),, and (D) Co—(0A),.

multiple-grained crystal structures, evidenced by the HRTEM
image, where the grain boundaries inside the particle can be
clearly seen (Figure 3F). As shown in Figure 4, the particle
evolution process with TOPO (Co/TOPO = 12:1) alone exhibits
a wide particle size distribution during the early stages of the
reaction, but the growth evolved toward the final particles with an
increase in size. Figure 4A—D shows the nanoparticle morpholo-
gies at reaction times of 1, 5, 15, and 30 min. With increased
reaction time, nanoparticles with a reasonably narrow size
distribution were observed (Figure 4E). Compared to the other
two systems, larger 20 nm Co nanoparticles with single crystalline
structures were synthesized (Figure 4F). The Co nanoparticles
synthesized using the single TOPO surfactant were not stable at
room temperature in air. This is most likely due to the presence of
the bulky chains of the TOPO surfactants, which prevents them
from packing tightly on the surface.?® This was corroborated with
an HRTEM image, which showed a surface oxidation layer of
1—2 nm. A rough calculation of the lattice spacing from the
HRTEM image gave a value of 0.215 nm, which corresponds to

Langmuir 2010, 26(1), 478-483

Table 1. Calculated Binding Energy of the Co—Surfactant Complexes

binding energy,
Co complex BE (eV)
Co(TOPO),/Co{[CH3(CH,)7]5PO},» —0.92
Co(DOA),/Co{[CH3(CH,);l,NH}, —1.51

Co(OA),/Co[CH3(CH,);CH=CH(CH,),COOH)l,  +0.73
Co(OA),/Co[CH3(CH,);CH=CH(CH,);COOH)l,  —0.61

the (200) planes of the CoO lattice. The oxidation was also
confirmed with XRD scans (Supporting Information, Figure S1).

Co nanoparticles with epsilon crystal structures were produced
from all three processes regardless of the nanoparticle sizes and
crystallinity based on XRD scans (Supporting Information,
Figure S1). The formation of Co nanoparticles with different
crystallinity suggested different growth pathways, which is influ-
enced by the surfactant species. After the Co atoms were
produced in the reaction, the nucleation and the Co—surfactant
complex formation were the two competing processes present in
the mixture. The nucleation event was mainly driven by the

DOI: 10.1021/1a902120e 481
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Figure 6. Calculated isosurfaces (isovalue = 0.02 e/A3) of the HOMO for Co—surfactant complexes: (A) Co—(TOPO),, (B) Co—(DOA),,

(C) Co—(0OA),, and (D) Co—(OA)s.

supersaturation level of the Co atoms, which was influenced by
the formation of the Co—surfactant complexes. Further nano-
particle growth was determined by the relative populations of
nuclei, free Co atoms, and Co—surfactant complexes as well as the
stability of the Co—surfactant complexes. The growth of nano-
particle stops when the monomers are depleted or the nanopar-
ticle surfaces are well stabilized by surfactants.

In order to gain more insight into the effects of surfactants on
the growth of the Co nanoparticles, we calculated the binding
energy (BE) at 0 K for the Co—surfactant complexes using all-
electron DFT method. The optimized structures of the Co
complexes with OA, TOPO, and DOA as ligands are shown in
Figure 5. It can be seen that 13-electron Co—surfactant complexes
were formed via the coordination of two surfactant molecules and
a Co atom, which are both neutral. It has been reported that
electronically unsaturated Co(II) complexes are thermally stable
in solution.*® Considering their same coordinate bonding nature,
such two-coordinated Co—surfactant complexes with sizable
binding strength are expected to be produced during the synthesis
process. The single surfactant coordination was not favored due
to the higher system energy, compared to the two coordination
configuration. A higher ligand coordination number was
excluded for TOPO and DOA due to their bulky size and position
of functional group, which led to an unstable configuration
during the optimization; thus, the calculation could not be
completed. Interestingly, a 17-electron stable Co(OA), complex
is formed during our simulation, which is much more stable than
two- and three-coordination complexes because of the formation
of a tetrahedral geometry CoO, core and hydrogen bonding
among —OH groups, which is not sustainable at high temperat-
ure. The calculated BEs are listed in Table 1. It can be seen that the
BEs for Co(DOA),, Co(TOPO),, Co(OA),, and Co(OA), are
—1.51, —0.92, 0.73, and —1.21 eV, respectively. Note that
negative (positive) values of BE correspond to an exothermic
(endothermic) binding process. The negative value of Co(OA)y
and the positive value of Co(OA), suggest that Co(OA), is more
stable than Co(OA), (Table 1). In addition, once two ligands
leave the complex, the detachment of the other two from
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Co atoms will become a favorable and spontaneous process.
The isosurface of the HOMO for each Co—surfactant complexes
is shown in Figure 6. It is apparent that the HOMO is mainly
localized around the Co atoms, which were subject to further
reaction with Co nuclei during the association process.

In the cases of OA/TOPO, ~15% (estimated from the relative
concentration of cobalt carbonyl and surfactants; see Supporting
Information for detailed calculation) of the Co atoms could form
complexes, and the remaining 85% of the Co atoms were
available for the nucleation process. The supersaturation level is
related to the free atoms in the reaction, which will then directly
influence the nucleus concentration. The Co atoms experienced
three dominant processes during reaction: rigorous nucleation,
formation of Co(TOPO), complexes, and formation of Co(OA )4
complexes. Our calculation showed that the formation of
Co(OA), is an endothermic process, but the formation of
Co(OA), is exothermic, which suggests that once two ligands
leave the Co atoms, the other two will detach spontaneously.
Therefore, the BE is compared using two ligand binding numbers,
and so does the percentage calculation. The nucleation events
stopped when the Co concentration dropped below the critical
concentration. The formation of 10 nm single crystalline nano-
particles could be explained by the diffusional growth until
depletion of free cobalt atoms, followed by continuous growth
via the dissociation of Co—surfactant complexes. The similar
binding energies of Co(OA); and Co(TOPO), complexes allow
simultaneous growth of the Co nanoparticles until all the Co atom
sources are depleted. The rapid nucleation and diffusional growth
process were similar to the classic LaMer theory.'®

Similarly, in the case of OA and DOA, the Co nuclei, free Co
atoms, and Co—(OA),, and Co—(DOA), complexes were formed
with ~19% Co—surfactant complexes. Initially, all of the nuclei
could grow to a certain size via quick depletion of free Co atoms.
Further continuous diffusional growth cannot simultaneously
proceed because of the slow release of the Co atoms from the
relatively stable Co(DOA), complexes. To minimize the surface
energy of the small nanoparticles, a simultaneous process of
aggregation of small particles and continuous growth took place,
a process similar to the mechanism of the so-called “aggregation
of subunits”.!”'® Because of the aggregation, multiple-grained
nanoparticles were formed (Figure 4F). This multigrained struc-
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ture was also confirmed with XRD scan, indicated by the peak
broadening (Supporting Information, Figure S1).

For the TOPO only system, a high concentration of nuclei are
spontaneously formed due to the high level of the supersaturation
(96% atoms), which did not allow for all of the nuclei to
continuously grow at the same time, resulting in a wide particle
size distribution. From the thermodynamic point of view, the
smaller particles will have a greater tendency to dissolve due to their
high surface energy, feeding the growth of larger particles; this is the
so-called Ostwald ripening process.'” During the dissolution of the
smaller particles and the growth of larger particles, larger nano-
particles were obtained with increasing reaction time. For the same
amount of precursor, 20 nm Co nanoparticles were obtained after
1 h, but the size distribution is not as narrow as the two surfactant
systems. In addition, the diffusional growth leads to single crystal-
line nanoparticles. Experiments using only OA and DOA were also
conducted, but not included in this work, because the synthesis was
not able to produce controllable nanoparticles, such as wide size
distribution. In brief, the relative stability and concentration of the
Co—surfactant complexes play a critical role in the mechanistic
growth of cobalt nanoparticles.

Conclusion

Using the synthesis of Co nanoparticles as a model system, we
have demonstrated the important roles of surfactants in nano-
particle nucleation and growth, by affecting the concentrations of
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the nuclei and surfactant complexes. The variation in the con-
centration of nuclei and complexes resulted in different nanopart-
icle growth pathways, leading to various morphologies. In a single
system, three different growth pathways of Co nanoparticles were
observed (by varying the surfactants): diffusional growth, aggre-
gation, and Ostwald ripening. In conjunction with our electronic
structure calculations, we suggest that the concentration of the
surfactants and their relative bond strength with Co atoms are the
variables responsible for altering the nanoparticle growth pro-
cesses. This study provides valuable information for controlling
nanoparticle morphologies, which may possibly be generalized to
other nanoparticle systems.
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