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Dialkyldiselenophosphinatocobalt(i1), [Co(Se,PR5),] (R = ‘Pr, Ph and ‘Bu), complexes were used to
grow cobalt selenide and cobalt phosphide nanoparticles by decomposition in trioctylphosphine oxide
(TOPO) or hexadecylamine (HDA) at 300 °C. Orthorhombic CoSe, nanoparticles are readily formed in
HDA or TOPO, whereas, in TOP/TOPO or TOP/HDA only orthorhombic CoP or Co,P nanoparticles
were formed. This observation suggests that TOP provides the phosphorus for nanoparticles. The
composition of cobalt phosphide can be controlled by the reaction time. Co,P was obtained after

60 min of thermolysis at 300 °C whereas CoP was grown over 150 min. In order to confirm the effect of
TOP on the thermolysis of the precursor, the related sulfur containing precursor, [Co(S,P'Bu,),], was
decomposed in TOP/TOPO, TOP/HDA, TOPO or HDA. The thermolysis reaction in TOPO or HDA
gave cubic CoySg nanoparticles whereas in TOP/TOPO or TOP/HDA only CoP nanoparticles were
formed as expected due to the presence of TOP. Characterization of these nanoparticles by
transmission electron microscopy, X-ray diffraction, and electron diffraction shows highly
crystalline spherical CoP and Co,P nanoparticles with a size of 5 nm diameter, and CoSe, nanoparticles
are close to cubes of ca. 10 nm size. CogSg nanoparticles are aggregates composed of numerous small
cuboid CoySg nanoparticles with average diameters of 10-20 nm. The optical spectra show that Co,P
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and CoP nanoparticles have a band gaps (E,;) = 3.14 and 1.71 eV, respectively, whilst CoSe,

nanoparticles a band gap of 1.45 eV.

Introduction

Transition-metal phosphides have a wide range of interesting
chemical and physical properties. Metal-rich phosphides
(M/P > 1) and monophosphides (M/P = 1) are usually hard,
brittle substances with relatively high thermal and electrical
conductivities and thermal stability. Transition-metal phos-
phides are applied as protective refractory coatings in electric
lamps, as oxygen barrier layers in capacitors, and in coatings that
are resistant to wear and corrosion.! Moreover, they also have
been extensively investigated as potential components for
magnetic application and as superior catalysts.> Amongst these,
cobalt phosphides have rarely been investigated. The Co—P phase
diagram shows both orthorhombic Co,P and CoP phases.
Besides these two phases, the JCPDS database shows three other
phases rich in phosphorus: monoclinic CoP,, cubic CoP3, and
cubic CoP;,.

Cobalt phosphides have been prepared by several methods:
Co,P was prepared by the direct reaction of a phosphine
(e.g., PH3) or phosphorus pentachloride with metallic cobalt or
cobalt salts,® or by metal-organic chemical vapour deposition* or
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by self-propagating high temperature synthesis routes.’
However, this approach requires either high reaction tempera-
ture (1000 °C) or long annealing periods to obtain highly crys-
talline materials.® Recently, solution-phase synthesis,”® sol-gel
methods,”!° solid-state method,'! and solvothermal method,®'%!3
have also been reported. For example, the nanocluster of Co,P
confined in a silica xerogel matrix was prepared using sol-gel
chemistry from single source precursor, [Co4(CO)o(-dppa)]
(dppa = (Ph,P),NH).? The plate-like orthorhombic Co,P parti-
cles of about 50 nm diameter, with a wide size distribution were
prepared by a direct solvothermal reaction of metal halide with
yellow phosphorus at mild temperatures (80-140 °C) with eth-
ylenediamine as a solvent.’ O’Brien ef al. reported the prepa-
ration of the single-crystalline CoP nanowires by thermal
decomposition of Co(acac), and tetradecylphosphonic acid
(TDPA) in a mixture of trioctylphosphine oxide (TOPO) and
HDA at 340 °C.'5 Similarly, cubic Co,P nanorods were synthe-
sized from the thermal decomposition of continuously delivered
Co-TOP complex, prepared from reaction of Co(acac), (acac =
acetylacetone) and trioctylphosphine (TOP) in a mixture of octyl
ether (OE) and hexadecylamine (HDA) at 300 °C.*®
Transition-metal chalcogenides MX (M = Fe, Co, or Ni;
X = S or Se) have also attracted attention due to their remark-
able properties and potential for application.'” As an important
pyrite-type compound, CoSe, is known as a metallic conductor
and exchange-enhanced Pauli paramagnet in its ground state
with a Curie temperature, T, of 124 K.'®* However, CoSe, has
rarely been researched as nanoscale materials due to the limited
availability of high-quality materials. Usually, the crystalline
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CoSe, has been prepared by solid-state reactions,' sol-
vothermal,'? and hydrothermal methods.?’ For example,
orthorhombic and cubic CoSe, were prepared by ball milling of
a binary mixture between Co and Se element for milling time up
to 30 h." The feather-like orthorhombic CoSe, nanoparticles
with an average diameter of 20 nm were prepared from sol-
vothermal method of CoCl, and Se powder at 160 °C.%° The
orthorhombic CoSe, nanorods with diameter of about 70 nm
and length up to 1450 nm were prepared in the temperature range
90-170 °C through hydrothermal method.*

There are many phases of cobalt sulfides, such as CoS, Co3S,,
CoS,, and CoySg. Among them, CooSg has attracted attention.??
It is of importance as a hydrodesulfurization catalyst and shows
interesting metallic and paramagnetic properties.”® Cobalt
sulfides have often been prepared using solid-state reactions at
high temperature (5001200 °C) but these conditions can lead to
a larger particle size and inhomogeneity, and it is difficult to
obtain single phase of cobalt sulfide.?*** Other methods including
the reaction of cobalt or cobalt monoxide with hydrogen
sulfide,® the treatment of anhydrous cobalt sulfate salt in
a stream of H,S/H,,** as well as hydrothermal method?”-*® have
been reported. However, the conditions for obtaining CogSg are
not very specific.

The use of single-source molecular precursors (SSPs), which
have both metal source and phosphorus/selenium source in the
same structure, has been extensively studied for the growth of
metal chalcogenide thin films.***-3! There are only few reports of
a SSP for cobalt phosphide nanoparticles.®** However, to the
best of our knowledge, the uses of SSP to synthesize cobalt
selenide nanoparticles have not been achieved. CozSey films with
a small component of CoSe, were prepared by thermolysis of
[Co{Bu,P(Se)NPr},] and [Co{'Bu,P(Se)NiC¢H},].** Recently,
we have reported the deposition of cubic CoogSeg and ortho-
rhombic CoP thin films from the single-source precursor
[Co(Se,PPry),] in aerosol-assisted metal-organic chemical
vapour deposition (AA-MOCVD).* We also reported the prep-
aration of nickel phosphide and nickel selenide nanoparticles
from [Ni(Se;PR»),] (R = Pr, ‘Bu, and Ph) by thermolysis in
TOPO or HDA 3¢

Herein we report one pot synthesis of CoSe,, CoP or Co,P
nanoparticles from [Co(Se,PR»),] (R = ‘Pr, ‘Bu, and Ph) and
CooSg from [Co(S,P'Bu,),], as the SSP into hot coordinated
solvent, HDA, TOPO, TOPO/TOP or HDA/TOP. The CoP and
Co,P were obtained using the same precursor just by controlling
the growth time.

Experimental
Preparation of precursors

(a) [Co(Se;PR;);], (R = Pr, ‘Bu, and Ph). The synthesis
of [Co(Se;PPr,),] (1), [Co(Se;P'Bus),] (2), and [Co(Se,PPh,),]
(3) was carried out by the method described in the literature.*3*
This method involved the deprotonation of the ligand
(HNEt3)(R,PSe»), where R = Pr, ‘Bu, and Ph to form the anion
which is then reacted with Co(ir) chloride hexahydrate in meth-
anol to produce a dialkyldiselenophosphinato cobalt(ir)
complex.

(b) [Co(S,PBu,),]. Solution of CoCl,-6H,0 (2.5 g, 10 mmol)
in 25 ml of water was added drop wise to a solution of diisobu-
tyldithiophosphinic acid, ‘Bu,PS,Na (4.6 g, 20 mmol), in 100 ml
of methanol and 50 ml of water. The mixture was then stirred for
10 min at room temperature under atmospheric pressure forming
green precipitate, which was filtered, washed with methanol and
re-crystallized in toluene to obtained green crystals of
[Co(S2P'Buy)a].

Preparation of cobalt phosphide nanoparticles

The method used was essentially the same as that described by
Trindade and O’Brien.*® In a typical reaction, Co,P nano-
particles were prepared by degassing HDA (10 g) under reduced
pressure at 120 °C for 1 h and then heated to 300 °C under
nitrogen. [Co(Se,P'Bu,),] (2) precursor (0.5 g) was dissolved in
TOP (10 ml) and quickly injected into HDA. The reaction
temperature dropped to approximately 290 °C. The reaction
mixture was heated again to 300 °C and kept at this temperature
for 60 min. The colour of the solution changed from an initial
transparent violet to turbid dark brown. The dark solution
formed was cooled to approximately 70 °C. An excess of hot
methanol was added to the solution to give a black precipitate,
which was separated by centrifugation and dried under vacuum.
The black precipitate could easily be redispersed in organic
solvents, such as chloroform, toluene, hexane, efc.

CoP nanoparticles were prepared similarly but increasing the
reaction time to 150 min. Similar reactions were carried out in
TOPO/TOP system. Attempted reactions at 200 and 250 °C to
prepare cobalt phosphide nanoparticles were unsuccessful.

Preparation of cobalt selenide nanoparticles

Cobalt selenide nanoparticles were prepared by thermolysis in
TOPO or HDA without TOP. In a typical reaction, CoSe,
nanoparticles were prepared by adding [Co(Se,P'Pr,),] precursor
(0.5 g) in solid HDA (10 g) and then degassing the reaction
mixture under reduced pressure at 120 °C for 1 h. The reaction
mixture was heated to 320 °C under N, and kept at this
temperature for 120 min. After 120 min, the dark solution
formed was cooled to approximately 70 °C. An excess of hot
methanol was added to the solution to give a black precipitate,
which was separated by centrifugation and dried under vacuum.
The black precipitate could easily be redispersed in organic
solvents, such as chloroform, toluene, hexane, efc. Other reac-
tions were carried out using TOPO as the capping agent.

Preparation of cobalt sulfide nanoparticles

Cobalt sulfide nanoparticles were prepared by thermolysis
[Co(S,PBuy,),] precursor in TOPO or HDA without TOP. CogSg
nanoparticles were prepared by adding [Co(S,P'Bu,),] precursor
(0.5 g) in solid HDA or TOPO (10 g) and then degassing the
reaction mixture under reduced pressure at 120 °C for 1 h. At this
stage, the reaction mixture was melted to violet-blue solution.
This solution was then heated to 300 °C under N, and kept at this
temperature for 45 min. After that, the dark-violet solution
formed was cooled to approximately 70 °C. An excess of meth-
anol (or hot methanol in the case of HDA) was added to the
solution to give a dark-violet precipitate, which was separated by
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centrifugation and dried under vacuum. The dark-violet
precipitate could easily be redispersed in organic solvents, such as
chloroform or toluene.

Other reactions were carried out using TOPO/TOP and
HDA/TOP as the capping agent. Briefly, [Co(S,P'Bu,),] (0.5 g)
was dissolved in TOP (10 ml) and quickly injected into HDA at
300 °C. The reaction temperature dropped to approximately
290 °C. The reaction mixture was heated again to 300 °C and
kept at this temperature for 45 min. The colour of the solution
changed from an initial transparent violet to dark-violet. The
dark-violet solution formed was cooled to approximately 70 °C.
First, an excess of hot methanol was added to the solution to give
a black gel, which was separated by centrifugation. Then, 50 ml
of acetone was added to the black gel to give the black precipi-
tates which was separated and dried under vacuum. The black
precipitate could easily be redispersed in organic solvents, such as
chloroform and toluene.

Characterization of nanoparticles

The X-ray power diffraction experiments were performed using
a Bruker D8 AXE diffractometer (Cu Ko). UV-Vis spectra were
measured using a HeAios-Beta Thermospectronic spectropho-
tometer. The samples were placed in quartz cuvettes (1 cm path
length) and the optical measurements were carried out using
toluene as a reference. High-resolution transmission electron
microscopy (HRTEM) was performed using Tecnai F30 FEG
TEM instrument, operating at 300 kV. TEM samples were
prepared by evaporating a drop of the material suspended in
toluene onto a copper grid covered with carbon film.

Results and discussion

Cobalt phosphide nanoparticles were synthesized by the thermal
decomposition of [Co(Se>PR5),] precursors, R = 'Pr, ‘Bu, and
Ph, in a hot surfactant solutions of TOPO/TOP or HDA/TOP.
Reaction temperature is a key factor in the formation of the
cobalt phosphide nanoparticles. No cobalt phosphide nano-
particles were formed at temperatures lower than 300 °C. No
precipitate formed with addition of methanol after 1 h of reac-
tion. Moreover, alkyl groups in the precursors have no effect to
the chemical composition of the nanoparticles. All precursors,
[Co(SesPPr),] (1), [Co(SerP'Buy),] (2), [Co(SeaPPhy),] (3), give
only cobalt phosphide instead of cobalt selenide in thermolysis.
However, from our previous study of [Ni(Se,PR5),] precursors,
(R = Pr, ‘Bu, and Ph), which can result in the deposition of either
nickel selenide (NiSe, Ni3Se;) or nickel phosphides (Ni,P,
Ni,Ps, NisP,) depending upon the nature of the ligand and the
conditions.?* In that work, the coordinating solvents play an
important role in the chemical composition of nanoparticles.
Nickel phosphide was produced in TOPO/TOP system for all
precursors at all reaction temperatures except [Ni(Se,P'Buy)s]
precursor which produced nickel selenide at 280 °C. Whereas,
nickel selenide can be obtained in HDA/TOP system from
[Ni(Se,P'Bu,),] and [Ni(Se,PPr;),] precursor at all temperature
except [Ni(Se,PPr,),] which produced nickel phosphide.

Fig. 1 shows the XRD patterns of cobalt phosphide nano-
particles obtained from [Co(Se,P'Bu,),] (2) precursor in
TOP/TOPO at 300 °C at various growth times. As seen in Fig. 1,
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Fig. 1 XRD patterns of cobalt phosphide nanoparticles obtained from
[Co(Se,P'Bu,),] precursor in TOP/TOPO at 300 °C for different reaction
time; M orthorhombic Co,P (JCPDS-32-0306), A orthorhombic CoP
(JCPDS-29-0497).

growth time is the most important factor determining the
formation of crystal phases in the reaction. At 60 min, ortho-
rhombic Co,P (JCPDS card no. 32-0306) was obtained. More-
over, the broad peak in the region 26 = 17-29° and a peak at
260 = 31.5° corresponding to CoP which appear as contaminant
were observed. When the reaction time increased to 90 min, the
intensity of that broad peak increased and unidentified peak at
26 = 20° was observed. At 120 min, the mixture of Co,P and CoP
was obtained and broad peak disappeared. At 150 min, only
a pure orthorhombic CoP (JCPDS card no. 29-0497) phase was
formed. Increasing the reaction time led to the transformation of
Co,P to CoP.

Similar experiments in TOP/HDA also show the change from
Co,P to CoP phase as the reaction time increased. XRD patterns
of cobalt phosphide nanoparticles obtained from [Co(Se,P'Bu,),]
precursor in TOP/HDA at 300 °C for different reaction times
were shown in Fig. S1 in ESI{. At 60 min, only orthorhombic
Co,P (JCPDS no: 32-0306) was obtained. When the reaction
time increased to 90 min, the unidentified peaks of the reaction
intermediate at 26 = 20°, 22° and 29° and the mixture of Co,P
and CoP were obtained. Highly crystalline CoP was finally
obtained in 150 min. It is interesting to note that CoP phase
started to form in 60 min in TOP/TOPO and in 90 min in
TOP/HDA. Our previous studies on using [Co(Se,P'Pr»),] (1)
precursor for the deposition of cobalt phosphide or selenide thin
films by AA-MOCVD showed that the films deposited at 400 °C
are a mixture of cubic CogSeg and orthorhombic CoP. No
deposition was obtained at lower temperature.* This shows that
at high temperature [Co(Se,P'Pr,),] precursor can provide both
Se and P which can compete to form CogSeg and CoP. Whereas,
in this work, TOP not only acts as the coordinating solvent but
also the additional P source which enable the formation of CoP
to occur at lower temperature (300 °C). It may also be possible
that TOP is simply catalyzing the decomposition of E,PR, ligand
to release P atom. Herein we obtained only CoP and Co,P phases
at 300 °C. This indicates that cobalt selenide is formed at higher
temperatures and cobalt phosphides at lower temperatures. In
addition, the high phosphorus availability via TOP decomposi-
tion can serve as a source of phosphorus for cobalt phosphides
formation.'*37:38
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In order to prove the role of TOP in the reaction, neat HDA or
TOPO was used as capping agent under the same reaction
conditions. Fig. 2 shows the XRD patterns of cobalt selenide
nanoparticles prepared from thermolysis of [Co(Se>P'Pr,),] (1)
precursor at 320 °C for 120 min without TOP in the systems. In
HDA, orthorhombic CoSe, nanoparticles (JCPDS card no.
53-0449) were obtained (Fig. 2(a)) whereas in TOPO the mix
phases of orthorhombic CoSe, (JCPDS card no. 53-0449) and
cubic CoSe, nanoparicles (JCPDS card no. 01-089-2002) were
formed (Fig. 2(b)). These results clearly confirm that the phos-
phorus in cobalt phosphide comes from TOP. Moreover, in the
absence of TOP, the nanoparticles tended to form aggregates
during the reaction especially in TOPO. Possibly, without TOP
the protecting ability of TOPO or HDA as capping agent was
reduced.®

To confirm the effect of TOP on thermolysis of [Co(X,PR5),]
(X = S or Se; R = Pr, ‘Bu, and Ph) precursors, the di-z-
butylthiophosphinatocobalt(i1), [Co(S,P'Bu,),] complex was
used as the alternative SSP. Other thermolysis reactions were
carried out in TOPO, HDA, TOPO/TOP and HDA/TOP. As
expected, in neat TOPO or HDA only cubic CogSg nanoparticles
(JCPDS card no. 01-075-2023) were synthesized (Fig. 3(a) and
(b)) whereas, in TOPO/TOP or HDA/TOP system, only an
amorphous CoP was formed after addition of methanol, which
was evident after annealing at 450 °C for 2 h in argon, and
transformed the amorphous material into orthorhombic CoP
(JCPDS card no. 01-075-2023) (Fig. 4(a) and (b)). TOPO/TOP or
HDA/TOP systems seem to be unsuitable coordinating ligand for
preparation of cobalt selenide or sulfide nanoparticles from
[Co(X,PR5),] (X = S or Se; R = Pr, ‘Bu, and Ph) precursors
because metal can cause cleavage of P-C bond, resulting in
diffusion of phosphorus into the metal and compete with sele-
nium atom to form the metal phosphide instead of metal sele-
nide.3¥* Thus, in rich phosphorus environment nanocrystalline
cobalt phosphides are the preferred phase over cobalt selenide/
sulfide. However, for [Co(S,P'Bu,),] precursor it is possible that
amorphous cobalt phosphide was formed instead of nano-
crystalline cobalt phosphide. Moreover, for [Co(Se,PRj),]
precursors (R = Pr, ‘Bu, and Ph) CoSe, nanoparticles can be
formed only at high temperature (320 °C) and the difference in
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Fig. 2 XRD patterns of orthorhombic CoSe, nanoparticles (JCPDS
card no. 53-0449) prepared from thermolysis of [Co(Se,P'Pr;),] precursor
at 320 °C for 120 min without TOP in (a) HDA and (b) TOPO; * cubic
CoSe, (JCPDS card no. 01-089-2002).
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Fig. 3 XRD patterns of the cubic CoySg nanoparticles prepared from
thermolysis of [Co(S,P'Bu,),] precursor at 300 °C for 45 min in (a) TOPO
and (b) HDA (JCPDS card no. 01-075-2023).

alkyl groups in the precursor molecules does not show any effect
to the chemical composition of the nanoparticles.

The absorption spectra of the Co,P and CoP nanoparticles
appear in the range of 300-800 nm as shown in Fig. 5. The
absorption spectrum of Co,P nanoparticles shows two regions of
absorption (Fig. 5(a)). The first band, an intense triplet band at
540, 580 and 625 nm, corresponds to the *A, — T, (P) transition
of high-spin tetrahedral Co** (d’) in the cobalt complex which is
formed from decomposition of precursor during the reaction.*!*
Inset in Fig. 5(a) shows the absorption spectrum of
[Co(Se,P'Bu,),] precursor which also shows triplet band of spin-
allowed absorption transition of the “A, — *T (P) transition.
This result coincides with the result from XRD which shows an
unidentified broad peak at 26 = 17-29° at 60 min (Fig. 1.). This
can be assigned to the un-decomposed cobalt complex. However,
the second excitonic peak at the absorption band edge = 410 nm
(3.02 eV) is clearly assigned to a direct band transition of Co,P
nanoparticles. Fig. 5(b) shows the absorption spectrum of CoP.
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Fig. 4 XRD patterns of the as-prepared samples and the samples after
annealing at 450 °C for 2 h in argon. All samples prepared from ther-
molysis of [Co(S,P'Bu,),] precursor at 300 °C for 150 min in (a)
TOPO/TOP and (b) HDA/TOP; @ orthorhombic CoP (JCPDS card no.
01-075-2023).
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Fig. 5 UV-visible absorption graphs showing the absorbance vs. the

wavelength for (a) Co,P obtained from [Co(Se,P'Bu,),] precursor in

TOP/TOPO at 300 °C for 60 min and (b) CoP nanoparticles obtained

from [Co(Se,P'Bu,),] precursor in TOP/TOPO at 300 °C for 150 min;

inset shows the absorption graph of [Co(Se,P'Bu,),] precursor.

The absorption spectrum shows absorption maximum at about
305 nm and exhibits shoulders at about 350 nm. Moreover,
a broad tail extends out from about 500 up to 800 nm. The
UV-visible absorption spectrum of CoSe, nanoparticles obtained
from [Co(Se,P'Pr,),] precursor in HDA at 320 °C for 120 min is
shown in Fig. 6. The absorption spectrum appears to show three
step transitions at absorption edges = 600 nm (2.06 eV), others
at = 800 nm (1.55 e¢V) and = 900 nm (1.38 eV).

There are no reports in the literature for the band gap of CoSe,,
Co,P and CoP. The band gap reported for single crystal of CoP; is
0.45 eV.*®® There are the reports for the band gaps of the mixed
phases of cobalt phosphides which range from 0.666-0.885 eV.3¢
In a crystalline or polycrystalline material both direct or indirect
optical transitions are possible depending on the band structure of
the material. Assuming parabolic bands, the relation between

o and E, for a direct transition is given by:*+*°

ahv = A(hv — E,)", (1)

and for indirect transition by:*

B(hw — E, — E,)"
T—exp(~0o/T) °

A(hv — Ey + E,)"

exp(fo/T) — | @

ahy =

0.14+
0.124
010
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Fig. 6 UV-visible absorption spectrum of CoSe, nanoparticles obtained
from [Co(Se,P'Pr5),] precursor in HDA at 320 °C for 120 min.
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Fig.7 Graphs showing (ahw)? vs. hv plot (direct) of (a) Co,P and (b) CoP
nanoparticles for determination of E,.

where E,, is the phonon energy assisting the transition, fp, is the
Debye temperature and A and B are constants. For a direct
transition n = 1/2 or 3/2 depending on the nature of the transi-
tion. Similarly, » = 2 or 3 for indirect transition. The usual
method of determining band gap is to plot a graph between
(ahv)'" and hv and look for that value of n which gives best linear
graph in the band edge region. Fig. 7(a) shows the plot between
(ahv)? and hv of Co,P nanoparticles. In this case, a linear graph
was obtained by using n = 1/2. Thus, the Co,P nanoparticles
obtained from this work is direct band gap phosphide which has
the band gap (E,) = 3.14 eV. This value is larger than the values
reported elsewhere.**** However, this discrepancy is not unex-
pected; the band gap of a material also depends on the method of
preparation. In case of CoP, the best fit was also obtained for
n = 1/2 indicating direct transition with band gap (E,) = 1.71 eV
as shown in Fig. 7(b). Fig. 8 shows the plot between («/v)* and hv
of CoSe, nanoparticles. The linear fitting in the region 1.4 eV—
2.4 eV corresponds to the sharp edges between 500 nm and
900 nm of absorption spectrum in Fig. 6. The energy band gap
(E,) obtained from extrapolating the linear fitting is 1.45 eV.
Typical TEM images of cobalt phosphide nanoparticles are
shown in Fig. 9 and 10. Nanoparticles with a spherical shape are
commonly observed for both Co,P and CoP. Fig. 9 shows the
TEM images of orthorhombic Co,P nanoparticles obtained at
300 °C in TOP/HDA for 60 min. The results from TEM images
showed that Co,P nanoparticles were obtained with an average
diameter ca. 5 nm (Fig. 9(a)). The ring patterns of selected area

086

o
g 0.4
N
>
L
N/-\
>
=
=
= o024
- 1.45 eV
LI . T T T T
12 14 16 18 20 22 24
hv €V)

Fig.8 A graph showing (a/hw)? vs. hv plot (direct) of CoSe, nanoparticles
for determination of E,.
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Fig.9 (a) TEM image of orthorhombic Co,P nanoparticles, (b) selected
area electron diffraction (SAED) pattern, (¢) HRTEM image, and (d)
FFT of the HRTEM image; all images obtained from [Co(Se,P'Bu,),]
precursor in TOP/HDA at 300 °C for 60 min.

electron diffraction (SAED) (Fig. 9(b)) recorded from Fig. 9(a)
are consistent with the (121), (211), (002), (312), and (322) planes
of the orthorhombic Co,P structure. The regularity of the lattice
plane in the HRTEM image (Fig. 9(c)) clearly indicates that the
Co,P nanoparticles are single crystals. The space between adja-
cent planes is 0.227 nm corresponding to the (121) plane. Fast
Fourier transform (FFT) diffraction recorded from an individual
Co,P nanoparticle reveals that each nanoparticle is a single

Fig. 10 (a) TEM image of orthorhombic CoP nanoparticles, (b) selected
area electron diffraction (SAED) pattern, (c) HRTEM image, and (d)
FFT of the HRTEM image; all images obtained from [Co(Se,P'Bu,),]
precursor in TOP/HDA at 300 °C for 150 min.

crystal (Fig. 9(d)). The morphology of the CoP nanoparticles
obtained at 300 °C in TOP/HDA for 150 min is shown in Fig. 10.
TEM image of the sample shows that orthorhombic CoP
nanoparticles are presented as spherical nanocrystals with the
diameter of around 6 nm (Fig. 10(a)). The obvious diffraction
rings in the SAED pattern (Fig. 10(b)) recorded from the CoP
nanoparticles in Fig. 10(a) can be identified as the (011), (111),
(211), and (301) planes of orthorhombic CoP structure. HRTEM
image (Fig. 10(c)) clearly showed the lattice fringes with
a d-spacing of 0.189 nm which corresponds to the (211) plane.
Fig. 10(d) shows the FFT of the particles observed in Fig. 10(c)
indicated the single-crystalline feature of that particle.

The TEM and HRTEM images of crystalline CoSe, nano-
particles are shown in Fig. 11. The cuboid CoSe, nanoparticles
with an average length ca. 10-20 nm were obtained. The regu-
larity of the lattice plane in the HRTEM image (Fig. 11(b) and
(c)) clearly indicates that the CoSe, nanoparticles are single
crystals. The space between adjacent planes is 0.262 nm corre-
sponding to the (111) plane of orthorhombic CoSe,. Fast Fourier
transform (FFT) diffraction recorded from an individual Co,P
nanoparticle reveals that each nanoparticle is a single crystal
(Fig. 11(d)).

Fig. 12 shows the TEM and HRTEM images of CoySg nano-
particle prepared from [Co(S,P'Bu,),] precursor in HDA.
Without TOP added, the nanoparticles tended to form the
aggregates. As seen in Fig. 12 CogSg nanoparticles are aggregates
composed of numerous small cuboid of CogSg nanoparticles with
an average length ca. 15-20 nm (Fig. 12(a) and (b)). Fig. 12(c)
shows HRTEM images of cuboid particles which have the space
between adjacent planes is 0.298 nm corresponding to the (311)
plane of cubic CogSg. In this work, TOP exhibits the important
roles not only as phosphorus source for cobalt phosphide
nanoparticles but also as the assistant compound to improve the
protecting ability of TOPO or HDA as capping agent.

Fig. 11 (a) TEM image of orthorhombic CoSe, nanoparticles, (b) and
(c) HRTEM images, (d) FFT of the HRTEM image; all images obtained
from [Co(Se,P'Pr,),] precursor in HDA at 320 °C for 120 min.
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Fig. 12 (a) TEM image of aggregates of cubic CosSg nanoparticles,
(b) CoySg nanoparticles with cuboid shape, and (c) HRTEM image; all
images obtained from [Co(S,P'Bu,),] precursor in HDA.

Conclusion

The dialkyldiselenophosphinatocobalt(i1), [Co(Se,PR;)] (R =
Pr, Ph and ‘Bu), and di-#-butyldithiophosphinatocobalt(ir),
[Co(S,PBus,),], complexes have been proved to be the effective
precursors for the preparation of cobalt phosphide, cobalt sele-
nide or cobalt sulfide nanoparticles by changing the capping
agent or deposition conditions. The capping agents, reaction
times and reaction temperatures play important roles in chemical
compositions as well as the morphology of the nanoparticles
formed.
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