
Controlled Synthesis of Uniform Cobalt
Phosphide Hyperbranched Nanocrystals Using
Tri-n-octylphosphine Oxide as a Phosphorus
Source
Haitao Zhang,† Don-Hyung Ha,† Robert Hovden,‡ Lena Fitting Kourkoutis,‡ and
Richard D. Robinson*,†

†Department of Materials Science and Engineering and ‡School of Applied and Engineering Physics, Cornell
University, Ithaca, New York 14853, United States

ABSTRACT A new method to produce hyperbranched Co2P nanocrystals that are uniform in size, shape, and symmetry was developed.
In this reaction tri-n-octylphosphine oxide (TOPO) was used as both a solvent and a phosphorus source. The reaction exhibits a novel
monomer-saturation-dependent tunability between Co metal nanoparticle (NP) and Co2P NP products. The morphology of Co2P can
be controlled from sheaflike structures to hexagonal symmetric structures by varying the concentration of the surfactant. This unique
product differs significantly from other reported hyperbranched nanocrystals in that the highly anisotropic shapes can be stabilized
as the majority shape (>84%). This is the first known use of TOPO as a reagent as well as a coordinating background solvent in NP
synthesis.
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Metal phosphides are an interesting class of materi-
als because their anion electronegativity and in-
teratomic spacing place them between pure met-

als and metal oxides.1,2 Bulk transition metal phosphides can
display a wide range of properties including superconductiv-
ity, catalytic activity, ferromagnetism, magnetoresistance,
and magnetocaloric effects and act as semiconductors.3-6

Cobalt phosphides have been studied because of their
interesting magnetic, catalytic, and anode-material proper-
ties.7-12 Common stoichiometries of cobalt phosphides are
CoP, Co2P, CoP2, and CoP3.13-15 Recently, interest in Co2P
has grown since it has been shown to photocatalytically
degrade organic dyes and it can act as a catalyst in hy-
drodesulfurization reactions.9-11

Transition metal phosphide nanoparticles are, however,
difficult to synthesize because they can adopt a wide range
of stoichiometries and because traditional phosphide sources
are highly reactive, air sensitive, and toxic.1,6,16 Therefore,
synthesissincluding shape and composition controlsof
nanoscale metal phosphide materials is mostly undeveloped,
and it is unclear how their properties are affected at the
nanoscale.1,5 Among metal phosphides, InP represents the
best studied nanoscale material to date, often using
P[Si(CH3)3]3 as phosphorus source.17-21

Previous work on nanoparticle Co2P have relied upon
highly reactive phosphide sources including sodium phos-

phide,16 white phosphorus (P4),10,22-24 tri-n-octylphosphine
(TOP),25 and triphenylphosphine (PPh3).26 Sodium phos-
phide and white phosphorus have been predominately used
in solvothermal methods, which invariably leads to ag-
gregated particles with no size or shape control, and with
mixed CoP and Co2P compositions.6,16,22 For the TOP reac-
tions a Co-TOP complex was slowly added to a heated, air-
free flask of tri-n-octylphosphine oxide (TOPO), producing
rodlike Co2P.25 PPh3 was used as a phosphorus source in an
Ullmann-type reaction and aggregated Co2P nanowires were
synthesized.26 These reactions often resulted in a mixture
of products, and an extra purification process was required
to get pure Co2P. Recently a single source precursor method
has been reported to produce CoP and Co2P nanoparticles.27

While this work is encouraging, the particles lack shape
control and are not monodisperse and X-ray diffraction
(XRD) indicates a pure phase of Co2P was not obtainable.

Kinetic control of nanoparticle growth gives the possibility
for greater control of anisotropic growth shapes, such as
rods, tetrapods, arrow shapes, sheaflike shapes, branched
crystals, and hyperbranched structures.28-32 Anisotropic
nanocrystals could serve as a test bed for growth theories.
Despite decades of study, a quantitative understanding of
crystallization is generally unknown and the formation of
nonequilibriumcrystalshapesinnatureisnotunderstood.33,34

Holistic treatments of the processes necessary to produce
the many complexly shaped nanocrystals are in their in-
fancy.35

In this paper we present the first use of TOPO, an air-
stable compound, as a controlled phosphorus source for the
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synthesis of hyperbranched Co2P. The hyperbranched par-
ticles are unique in that the majority of the product (>84%)
possesses the same symmetry, size, and structure, which
to date has not been the case for hyperbranched transition
metal phosphides and most other hyperbranched nano-
particle systems. We report on the first wide-scale growth
of cyclic twin nuclei that lead to star-shaped Co2P nano-
crystals, and we also discuss a novel mechanism that allows
for control of the chemical composition of nanocrystal
products based solely on the saturation of monomers.

Co2P nanocrystals were synthesized by decomposing
Co(OA)2 in TOPO at 350 °C. The Co(OA)2 complexes were
prepared by the ligand exchange reaction between Co(acac)2
(acac ) acetylacetonate) and oleic acid (HOA, OA ) oleate;
see Supporting Information for detailed synthesis and char-
acterization). Co2P nanoparticles (NPs) were then produced
by injecting the precursor into a hot (350 °C) flask of TOPO
under air-free conditions. The reaction was stopped by
simple removal of the heating mantle after the nanoparticles
completed their growth (by examining aliquots). We have
confirmed that TOPO was the only phosphorus source in the
synthesis and thus acted not only as a solvent but also as a
reaction reagent providing phosphorus for the formation of
Co2P NPs (see Supporting Information).

The amount of free oleic acid in the precursor has a
significant influence on the sizes and morphologies of the
products. The reactions of Co(OA)2 precursors with different
amounts of oleic acid are summarized in Table 1. Hyper-
branched “sheaflike” Co2P nanocrystals (1) (Figure 1a) were
obtained from the reaction of precursor I. The product 1
resembles the structures reported recently in the Bi2S3

32 and
Fe2P5 systems, but the entire yield of NPs reported here is
uniform in shape and size (half-sheaf length 81 ( 4 nm, 5%
standard deviation), unlike those reported in the Bi2S3 and
Fe2P systems. Upon increase of the oleic acid concentration
(precursors II and III), the reaction was significantly slowed
down (Table 1), resulting in larger size hyperbranched Co2P
nanoparticles(2and3,Figure1c,e)withdifferentmorphologies.

Electron and X-ray powder diffraction (XRD) confirmed
that the phase of 1-3 is Co2P. All the peaks in the XRD
spectra of 1-3 can be indexed to orthorhombic Co2P (PDF
89-3030) with no indication of other crystal phases (Figure
1b). The selected area electron diffraction (SAED) patterns
(Figure 1d and Figure S3 in the Supporting Information)
taken on 2 and 3 are consistent with the (112), (211), (020),
(302), (123), (321), and (322) planes of the orthorhombic

Co2P structure. High-resolution transmission electron mi-
croscopy (HR-TEM) images of 1 and 3 (Figure S4a in the
Supporting Information and Figure 1f) revealed that the
nanofilaments grow along the [020] direction. The growth
direction was also supported by the relative peak intensity
of (020) compared to the other peaks in the XRD patterns
of products 1-3 (Figure 1b). An amorphous layer was
observed in HR-TEM (Figure 1f), which might be formed
during synthesis or from the decomposition of crystalline
Co2P phase under the high energy electron beam. Single-
nanoparticle SAED (Figure 2) indicated that the filaments in
each arm of 3 aligned along the common axis with the same
preferred orientation. Streaks in the SAED patterns of Figure
2 are caused by small angle deviations of filaments in each
bundle arm.

The major component of 1 is two-arm bundles (84%,
Figure S5a in the Supporting Information), while the three-
and four-arm structures significantly increase in 2 (Figure
S5b in the Supporting Information), and the six- and five-
arms dominate the morphology of 3 (Figure S5c in the
Supporting Information). Although three- and four-arm par-
ticles are also observed in 3, it is worth noting that all nearest
neighbor arms are spaced at multiples of 60° regardless of
the number of arms in the NPs (Figure S6 in the Supporting
Information). The individual nanofilaments that make up the
large arms have an average diameter of ∼4 nm in 1 and 2,
while this number increases to ∼7 nm in 3. The length of
the arms also increases from 1 (81 ( 4 nm) through 2 (122
( 8 nm) to 3 (360 ( 30 nm). Thus the maximum dispersity
in this dimension is always better than 10% for nanocrystals
1-3. Such size and morphology controllability has not been
observedinthepreviouslyreportedhyperbranchedstructures.

Panels a-c of Figure 3 show scanning electron micros-
copy (SEM) images of 3. Each arm of 3 is three-dimensional,
but for most of the particles the different arms are ap-
proximately in the same plane as seen by SEM (Figure 3a,b)
and electron tomography (Figure 3d-g, movie 1). Only ca.
3% of the particles exhibit a three-dimensional arm arrange-
ment (Figure 3c). It is interesting that with the increase in
sizes, the shapes of the arms change from sheaflike (1) to
conelike (3).

TOPO is generally considered to be a very stable tertiary
phosphine oxide36 and only acted as an innocent solvent or
weakly coordinating surfactant ligand in the synthesis of
colloidal nanocrystals. To further understand the formation
mechanism of Co2P with TOPO as a phosphorus source, we

TABLE 1. Summary of the Reactions of Precursors I-VI in TOPO at 350 °C

Co(OA)2

precursor I precursor II precursor III Co(acac)2 precursor IV Co(OA)1.5(acac)0.5 precursor V Co(OA)1.8(acac)0.2 precursor VI

Co:La 1: 2.2 1: 3 1: 5 1: 1.5 1: 1.8
time (min)b 6 10 60 6 6 6
product Co2P (1) Co2P (2) Co2P (3) Co (7) Co2P + Co (8) Co2P (9)

a Molar ratios. L is the sum of oleate ligand and oleic acid. b The reaction time was accounted from precursor injection to removal of heating
mantle. The reaction flask was then allowed to slowly cool down in air.
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undertook a series of studies on the reaction conditions, such
as temperature, precursor ligands, and precursor concentra-
tions. We found that all these factors have significant influ-
ence on the reactions, and the nanocrystal products can be
tuned from Co2P to Co metal by simply varying these
synthetic parameters. We propose that the Co monomer
(atom or subnanometric cluster) is a reactive intermediate

in these reactions as its concentration was found to be
crucial in controlling the chemical composition of the final
nanocrystal product.

We examined the reactions of precursor I at different
temperatures (Table 2). It was found that keeping a high
temperature (>340 °C) is crucial to obtain a pure Co2P
product. When the reaction of precursor I was carried out
at 330 °C, a mixture of Co2P and hexagonal close packed
(hcp) Co metal NPs (4) was produced (Figure S7 in the
Supporting Information). When the reaction of precursor I
was kept at 350 °C for 3 min and then slowly cooled down,
a novel Co-Co2P heterostructure (5) (Figure S8 in the
Supporting Information) was obtained. The heterostructure
5 is composed of a hcp Co metal core (polycrystalline, ca.
30 nm in diameter) as determined from the lattice spacing
measured using HR-TEM (Figure S8c in the Supporting
Information) with Co2P filaments radiating from this core
(the filaments were identified as Co2P based on the XRD
pattern). It is interesting to note that the Co metal forms
predominately at the core of the particles in 5. In comparison

FIGURE 1. TEM images of Co2P products 1 (a), 2 (c), and 3 (e). Powder XRD patterns of products 1, 2,, and 3 (b), and the red stick pattern
corresponds to PDF 89-3030 (Co2P). SAED pattern of 2 (d). HR-TEM image of nanocrystal 3 (f).

FIGURE 2. TEM image of nanoparticle 3 (a) and the corresponding
single nanocrystal SAED pattern (b). The diffraction pattern is
indexed to the Co2P orthorhombic crystal unit cell (PDF 89-3030).
Image (a) is a representation of nanoparticle 3 from single nano-
crystal SAED.
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to this previous reaction, when the reaction of precursor I
was kept at 350 °C for 3 min and then an aliquot was taken
and immediately quenched (injection into cold ethanol), only
small Co2P hyperbranched bundles (6, Figure 4c) formed (no
Co metal was detected by XRD). This proves that the Co
metal in the heterostructure 5 is coming from the decom-
position of the unreacted precursor I at lower temperatures
during the cooling process. These observations indicate a
possible formation method of Co2P in our synthesis, that is,
decomposition of cobalt oleate produces Co, which reacts
with TOPO at a high temperature (350 °C) and generates
Co2P.

We found that the ligand of the Co precursor played an
important role in the reaction. When Co(acac)2 (precursor
IV) was used as the precursor with the other reaction
conditions, the same as in the synthesis of compound 1 (350
°C, 6 min, 0.15 mmol Co/5 g TOPO), hcp Co nanoparticles
(7) were isolated as the only product (Figure S9a,d in the
Supporting Information and Table 1). The decomposition of
Co(acac)2 appeared to be much faster than that of Co(OA)2

precursors, and the reaction solution turned dark immedi-
ately upon the injection of the precursor. When the reaction
of Co(acac)2 in TOPO was kept for 5 h at 350 °C, most of
the Co metal was found to be transformed into Co2P, as
detected by the powder XRD analysis (Figure S10 in the
Supporting Information). This result proves that the Co metal
formed during the reaction can be converted into Co2P by
the further reaction with TOPO. Such two-step reactions
have been observed before in the synthesis of metal phos-
phides by using tri-n-octylphosphine (TOP) as a phosphorus
source.37-40 A catalytic decomposition of TOP induced by
metal was proposed as the mechanism for these reactions.

FIGURE 3. SEM images (a-c) and electron tomography reconstruction (d-g) of Co2P (3). The majority of structures are planar (a, b, d-g),
while a few show three-dimensional growth (c). Images d-g show a single structure rotated 360° about a vertical axis visualized by direct
volume rendering of the tomographic reconstruction. Rough segmentation was performed to reduce artifacts and to remove fiduciary gold
particles for clarity. The “front” perspective (d) has the flat side at the back of the image while the “back” (f) has the flat side at the top of the
image. Images e and g show the right and left perspective of the particle. The flat side occurs where the particle is in contact with the TEM
grid and is likely due to capillary forces during drying.

TABLE 2. Summary of the Reactions of Precursor I in TOPO

temperature (°C) 350a 330a 350a 350b

time (min) 6 6 3 3
product Co2P (1) Co + Co2P (4) Co - Co2P

heterostructure (5)
Co2P (6)

a The reaction was stopped by simple removal of the heating
mantle, and the reaction flask was allowed to slowly cool down in
air. b The reaction was stopped by injecting the reaction solution into
cold ethanol.
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The reduction/decomposition of tertiary phosphine oxide in
the presence of elemental metal at elevated temperature
(>300 °C) has been reported in literature,41 which provides
additional support of our proposed reaction mechanism.

However, this reaction of Co metal NPs with TOPO (Figure
S10 in the Supporting Information) needed a much longer
time (>5 h) for the complete phase transformation into Co2P
than the synthesis of products 1-3 and resulted in NPs of
different shapes. Moreover, when aliquots were taken from
the reaction of precursor I toward generating product 1, no
Co NPs were generated even at the very early stages (Figure
4a). On the basis of these ligand effects studies, the reactions
that generated products 1-3 produced Co2P before the
formation of Co NPs. In this case, Co monomers (atoms or
subnanometric clusters, which are known as extremely
reactive species42) likely reacted with the TOPO before they
were able to form Co NPs (Scheme 1, steps A and B).

Co metal monomers are generated by the reduction and
decomposition of CoL2 (L ) OA or acac) precursors at high
temperature. Co2+ in CoL2 is reduced to Co metal in the
absence of any obvious reductant. The most probable reduc-
ing reagent should be the leaving L- (acac- or OA-) ligands
(or their decomposition). Moreover, TOPO is known to be
capable of promoting the similar reduction reaction in metal
complexes.43 If the concentration of Co monomers is high
enough, collisions between Co metal monomers will lead to
metal nuclei, which eventually grow to cobalt metal nano-
particles (Scheme 1, path C; the Co metal NPs can be isolated
as products because of their low reactivity with TOPO). If,
however, the concentration of Co monomers is too low to
support nuclei formation, then secondary reactions of the
Co monomer with TOPO can occur to produce Co2P (Scheme
1, path B). Thus, the formation of Co or Co2P NPs in these
reactions mainly depends on the competition of paths B and
C, which ultimately is mediated by the concentration of Co
monomers. In the reactions of precursors I-III at 350 °C,
path A is slow enough compared to step B that the Co
monomer is never supersaturated enough to generate Co
NPs. Co2P nanocrystals were thus produced as the only
product (1, 2, 3). When step A becomes much faster by using
a more reactive precursor Co(acac)2 (IV), or if step B is halted
by lowering the temperature (step A will still continue at
lower temperatures since it has a lower activation barrier),
the concentration of Co monomers will reach supersatura-
tion and Co NPs will be produced. These processes were
observed in the synthesis of nanocrystals 4, 5, and 7, and
also substantiated by introducing a higher concentration of
precursor: when 0.45 mmol of precursor I (3 times that of
the amount used in the synthesis of Co2P(1)) reacted with
5 g of TOPO at 350 °C, Co metal NPs were obtained as the

FIGURE 4. TEM images of the morphology evolution of nanocrystal
1: 20 (a), 60 (b), 180 (c), and 360 s (d). The XRD pattern of the 20s
nanorods is shown in the inset of (a), and the red stick pattern
corresponds to Co2P (PDF 89-3030).

SCHEME 1
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major product (Figure S11 in the Supporting Information).
Thus, under the same reaction conditions, a greater molar
volume of precursor will lead to a higher concentration of
Co metal monomers, which then facilitates the nucleation
of Co metal NPs. This result provides further support of our
general reaction mechanism: the pathways between Co
metal NPs and Co2P NPs are mediated by the concentration
of Co monomers.

To further elucidate such phase control, we examined the
reactions of precursors Co(OA)n(acac)2-n with a mixture of
ligands (n ) 1.5 (V), 1.8 (VI); see Supporting Information for
detailed synthesis and characterization). Using the same
conditions as in the synthesis of product Co2P (1) (350 °C,
6 min, 0.15 mmol of Co/5 g of TOPO), a mixture of Co metal
with a small amount of Co2P NPs (8) was obtained from the
reaction of precursor V (Figure S9b,e in the Supporting
Information), while precursor VI produced Co2P nanopar-
ticles (9) as the major product (Figure S9c,f in the Supporting
Information). Thus, under the same reaction conditions, with
a decrease in the amount of oleate ligands in the precursors,
the phases of the NPs products were changed from Co2P
(precursors I, VI) to a Co2P and Co metal mixture (precursor
V) to Co metal (precursor IV) (Table 1). Such phase control-
lability can be directly related to the reactivity of precursors
I and IV-VI: less oleate ligand resulted in faster decomposi-
tion (based on the color change of the reaction solution),
indicating that the oleate ligands provide stronger passiva-
tion to the cobalt cations than the acac ligands to stabilize
the precursors. These results follow directly from our pro-
posed reaction mechanism and represent an interesting
example that not only the size and shape but also the
chemical composition of the NPs products can be tuned by
the coordination chemistry of the precursor ligands.

We believe two well-known crystal growth phenomena
make up the complex structures seen in our Co2P hyper-
branched crystals: crystal splitting and cyclic twinning.
Neither mechanism is well understood. In the sheaf struc-
tures of Co2P 1 and 2, crystal splitting is responsible for
creating the nanofilaments that resemble frayed ends. In
the star-shaped Co2P 3, crystal splitting is responsible for the
nanofilament arms and cyclic twinning is responsible for the
hexagonally symmetric core.

Crystal splitting describes the branched and split struc-
tures that form on a growth front. It is generally associated
with fast crystal growth.31 We studied the morphology
evolution of hyperbranched Co2P nanocrystals by analyzing
TEM images of aliquots obtained at different time intervals
during a reaction. Figure 4 shows the evolution of nanocrys-
tal 1. Nanorods were obtained at the very early stage (Figure
4a). Powder XRD (inset of Figure 4a) and HR-TEM (Figure
S4b in the Supporting Information) studies have confirmed
that the nanorods are Co2P single crystals. The nanorods
grow along the [020] direction, which is the same growth
direction as that of the nanofilaments that make up the
branches in the sheaf structures 1 (Figure S4a in the Sup-
porting Information) and the major arms of the star struc-
tures 3 (Figure 1f). As the reaction proceeds, the nanorods
start to split into small nanofilaments along the growth
direction. The individual nanofilaments continue to grow,
mainly in the elongated direction and finally form the
hyperbranched sheaflike structures (Figure 4d). Electron
tomography studies show a high density region inside the
sheaflike structure 1 and indicate the presence of a solid core
(Figure 5),44 which further suggests that the hyperbranched
structure 1 is not aggregates of many individual nanowires
but a single crystal growing from the original nanorod with

FIGURE 5. Tomographic reconstruction of nanocrystal 1. The three-dimensional structure is shown by direct volume rendering of the
reconstruction using a red-yellow-white color scale (top right inset in a). 2D slices from the tomographic reconstruction perpendicular (a)
and parallel (b) to the long axis of the hyperbranched structures are displayed using a blue-white-red color scale as shown in the last slice
of (a). Yellow arrows in (b) mark the locations of splitting. High intensity at the center of the two individual hyperbranched structures indicates
the presence of a solid core in each particle.
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nanowires splitting at its ends. This process resembles the
evolution of hyperbranched Bi2S3,32 but the Bi2S3 starts from
a more complex shape and no simple unsplit single-crystal
stage was initially observed.

The exact cause of crystal splitting is generally unknown
and varies depending on the system. The crystal structure
of Co2P (Figure S12 in the Supporting Information)45 does
not possess any one or two-dimensional structural character
in the growth direction that would provide the splitting
vectors. The asymmetry of its space group Pnma, however,
can promote fast growth along the b axis.26,46 Electron
tomography revealed many kinks in the individual nanow-
ires that make up the arms (Figure 5b), indicating the
presence of a high density of crystal defects, and most of
the nanowire splitting is found to occur around the kink sites,
as shown by the 2D slices through the tomographic recon-
struction (Figure 5b).

The crystal splitting appears to occur in an isolated period
of time for products 1, 2, and 3. The nanofilaments are all
roughly of the same diameter for each product, indicating
that splitting/branching occurs early in the growth stages and
then greatly diminishes afterward. This is unlike other
sheaflike structures, which not only exhibit splitting from the
core (as is the majority case in our results) but also show
pronounced branching in each filament during the growth.47

The progression of the reaction from product 1 to 3 is
characterized by (a) longer times (6 min for 1 compared to
1 h for 3) and (b) thicker nanofilaments (4 nm for 1
compared to 7 nm for 3). The faster growth in 1 suggests a
higher degree of monomer supersaturation than in the
reaction of 3 (or a lower barrier for growth, as would be the
case if the number of coordinating ligands was lower). These
results are consistent with branched solidification patterns,
such as spherulites, for which a higher degree of supersatu-
ration results in finer arm features.48,49 The sheaf structure
in our products 1 and 2 clearly resemble the early stage of
spherulites (category 2 in Figure 2 of ref 48). Product 3 can
also be thought of as a sheaflike structure, albeit with a
hexagonal center and thus producing six arms that each
have crystal splitting instead of two arms.

When phase field theories are used to model spherulite
crystals, the dendritic 3D growth is found to originate from
large differences between the rotational and translational
diffusion coefficients of molecules.50,51 A decrease in the
rotational/translational ratio implies that the reorientation
of molecules attaching to the surface is slow compared to
the interface growth propagation and will lead to crystal
splitting.48,50 This ratio decreases for supercooled liquids,
leading to a higher degree of branching. The cause is that
the greater supersaturation from the supercooled liquid
results in faster growth fronts which decrease the distance
that solute is rejected by the growth front. The narrow
boundary layer then leads to instabilities that ultimately
promote branching.48 One means to test this effect in our

system is by adjusting the concentration of the precursor.
Although the higher concentration of precursor I results in
the formation of Co metal NPs as we have described, the
slower decomposition of precursor III allows us to still get
pure Co2P nanocrystals with increased precursor concentra-
tion. When we doubled the concentration of precursor III
for the synthesis of 3, the branching greatly increased and
closely resembled the final spherulite structure (see Figure
S13 in the Supporting Information and compare to Figure 4i
in ref 32 and Figure 8c in ref 5), which follows directly from
this theory. This suggests a crystal-splitting mechanism
similar to that in the spherulites is at work in our system.

The multiarmed structures were obtained as major prod-
ucts in 3 (>98%) and were seen in Bi2S3

32 and Fe2P5 systems
as minor products. Whitmire et al.5 proposed that such
complex symmetric structures formed as a result of a
twinning mechanism. A twin is a symmetric intergrowth of
two or more crystals of the same substance and results in
equal size of different crystals. The six-arm structure in 3
exhibits a highly symmetric structure: arm lengths are all
nearly equal (less than 10% diversity in length) and angles
between major arms are all roughly 60° (Figure S6d in the
Supporting Information). The three-, four-, and five-armed
structures of 3 displayed approximately the same arm length
and angle spacing as the six-arm particles and only differed
by the absence of three, two, or one arm, respectively
(Figure S6a-c in the Supporting Information). In other
words, a 60° or multiple of 60° (120° or 180°) angular
spacing between major arms is retained even in the three-,
four-, and five-armed structures indicating a common 6-fold
symmetry. Such hexagonal shapes are typical for cyclic
twins found in orthorhombic unit cells and have been
observed in various minerals.52 From the dark field (DF) TEM
images (Figure 6), it is evident that each opposing arm in
the particles of 3 grows with the same orientation (the weak
contrast on the core part of 3 might be due to its thickness).
The DF TEM studies indicate that a single seed nucleates
each crystal and then cyclic twinning occurs in the early
stages of growth after nucleation but before the crystal
splitting. An aliquot study reveals the formation of multirod
particles at the very beginning of the reaction (120 s, Figure
7a), and most of neighbor rods are spaced at approximately
multiples of 60°, which is characteristic of the hexagonal
cyclic twins found in aragonite and chrysoberyl crystals
(Figure 7d).53 The rods that form the arms in the twin crystal
begin to split as shown in the 900 s aliquots (Figure 7b), and
the nanofilaments continued to grow along the directions
of the rods, finally forming the hyperbranched structures
(Figure 7c). It is interesting that all seeds exhibit the cyclic
twins. Of the nanocrystals 3, only 1.6% did not exhibit 6-fold
symmetry, while the overwhelming majority of the seeds
undergo this identical twinning.

The thickness on the core part of nanoparticles 3 impeded
further structural analysis by HR-TEM. In order to obtain
structural information from the core region, scanning trans-
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mission electron microscopy (STEM) tomography was per-
formed. 2D slices from the tomographic reconstruction of
nanoparticles 3 revealed a high density at the center of the
particle (Figure S14a and movies 2 and 3 in the Supporting
Information) and thus indicated the presence of a solid core,
which is consistent with the observation that the hyper-
branched structures were developed from unsplit particles
(Figure 7). It is also interesting to note that the solid core is
not always evenly distributed in six arms but often exists in

two opposing arms, which is consistent with the nonsym-
metric shapes of the early formed particles (Figure 7a).

The formation mechanism of the twin crystals in our
product cannot be coalescence as recently proposed for
metal twinned particles,54 because the opposing arms all
have identical crystal orientation as shown by DF TEM
(Figure 6). Additionally, due to the uniformity of the final
product (>98% possess hexagonal symmetry), the nucle-
ation of twins must occur at the same time. Both these data
and the growth morphology shown in the aliquots (Figure
7) suggest that cyclic twining is responsible for the hexagonal
symmetry in product 3.

Twinned nanoparticles have appeared in previous liter-
ature.55,56 Most reports for twinned particles involve metals
(e.g., Ag, Pt, etc.) and the polyol synthesis method. While
great progress has been made in stabilizing twinned crystal
nuclei in metals under polyol synthesis, to our knowledge,
we are the first to report such a high percentage of cyclic
twinned nanoparticles produced through nonaqueous ther-
mal decomposition of metal complex precursors.

The formation of twinning crystals was not observed
during the structural evolution of sheaf nanocrystal 1. The
synthesis of 1 and 3 differed by the concentration of oleic
acid. Thus the higher concentration of oleic acid used in the
synthesis of 3 is a major cause of twinning at the beginning
of the crystal growth. Such ligand-induced twinning was also
observed for the multiple wurtzite twinning of CdTe,57 in
which more tetrapod twin crystals were obtained by using

FIGURE 6. Bright and dark field TEM images of the multiple-arm particles in 3, showing crystallographic alignment of opposing arms. This
confirms the presence of orthorhombic cyclic twinning which forms hexagonal crystals. The dark field images were obtained by selecting
individual (020) diffraction spots.

FIGURE 7. TEM images of the morphology evolution of nanocrystal
3: 120 (a), 900 (b), and 3600 s (c). Photograph of cyclic-twinned
orthorhombic chrysoberyl (BeAl2O4) crystal (d, adapted from ref 53).
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a higher concentration of methylphosphonic acid (MPA). It
was proposed that the MPA may promote the formation of
a twin boundary.57 It cannot be excluded that oleic acid has
a similar templating effect in our synthesis. On the other
hand, we found that the Co2P nanoparticles can be easily
dissolved in neat oleic acid at high temperatures (Figure
S15a,b in the Supporting Information). The dissolution of
Co2P by the excess oleic acid in the reaction should be a
reverse process of the crystal growth (Figure S15c in the
Supporting Information). So by increasing the concentration
of oleic acid, the nanocrystals with high surface to volume
ratios will be less stable, while the formation of twinning
crystals, which can decrease the surface area, will be favored.

In conclusion, we report the synthesis of novel Co2P
hyperbranched nanostructures via a simple colloidal solution
method. For the first time, we have found that TOPO acted
not only as an innocent coordinating solvent but also as a
reactive reagent in the synthesis of nanocrystals. The reac-
tion mechanism studies show that TOPO could be a gener-
ally useful phosphorus source for the synthesis of metal
phosphides. Empirical evidence of the reaction mechanism
suggests that the degree of the saturation of Co monomers
efficiently tunes the reaction products between Co metal NPs
and Co2P NPs. Such chemical composition control solely by
monomer concentration is rare. By variation of the synthetic
parameters, the sizes and morphologies of the hyper-
branched Co2P can be controlled from sheaflike structures
to six-arm symmetric star structures. The hyperbranched
structures likely form by crystal splitting and cyclic twinning.
The cyclic twinning mechanism is believed to be responsible
for the hexagonal symmetry in star particles.
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