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Ferromagnetic Co nanoparticles with diameters of about 40-400 nm are synthesized by electroless deposition in boiling propylene
¢glycol. The Co particle size is decreased to a certain degree by varying the concentration of starting materials and by adding
nucleating agents. The electrochemical behavior of propylene glycol is investigated by in situ measurements of mixed potential to
understand the formation of Co nanoparticles in polyol systems. The mixed potential decreases with an increase in temperature and
in the presence of NaOH, which suggests the faster decomposition of propylene glycol. It also shifts abruptly to a more negative
value when nucleating agents are added. This indicates that nucleating agents catalyze both the oxidation reaction of propylene
glycol and the reduction reaction of Co(Il) species, as well as aid in the formation of Co nanoparticles as heterogeneous nucleation

sites.
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The polyol synthesis, that is, the synthesis of metal nanoparticles
by electroless desposition in polyol, has been extensively studied
over the years.l’ It is widely used due to its simplicity because
polyol acts both as a solvent and as a reducing agent and in some
cases also as a protective agent for agglomeration. In the polyol
synthesis, the nucleation and growth of nanoparticles can be effec-
tively separated by controlling the process parameters such as reac-
tion temperature, concentration of starting materials, and addition of
nucleating agents.2’4 Thus, metal nanoparticles with a very narrow
size distribution can be produced. Metal nanoparticles, such as
C0,4’6 Ni,7 Fe,8 Ag,9 Pt,lO and their alloys,3’5’ll have been synthe-
sized by this method.

The overall reaction in the polyol synthesis consists of the reduc-
tion of metal species in solution and the simultaneous oxidation of
polyols. Bonet et al."? studied the electrochemical reduction of noble
metals in ethylene glycol using platinum and glassy carbon rotating
disk electrodes. They reported that ethylene glycol is electrochemi-
cally stable from —1.15 to 1.65 V vs saturated calomel electrode
(SCE) on a glass carbon electrode, while it is stable from —0.82 to
2.0 V vs SCE on a Pt electrode at room temperature. We have
applied in situ measurements of the mixed potential to discuss the
thermodynamic driving force of Cu and Ni deposition with hydra-
zine as a reducing agent in both aqueous and nonaqueous
solutions.">!* In this paper, we present a formation of Co nanopar-
ticles by electroless deposition in boiling propylene glycol. The ef-
fects of process parameters, such as precursor concentration and
amounts of different nucleating agents on the morphology and size
distribution, are also studied. The magnetic properties of the Co
nanoparticles, i.e., saturation magnetization and coercivity, at room
temperature are investigated. The electrochemical behavior of pro-
pylene glycol at high temperatures up to the boiling point is inves-
tigated by in situ measurements of the mixed potential in propylene
glycol. The optimum condition for the deposition of Co nanopar-
ticles is determined. Co nanoparticles are applicable to electronics,
optics, magnetic recording, biomedicine, and catalysis.ls'17

Experimental

Co(Il) acetate tetrahydrate [Co(C,H30,),-4H,0, British Drug
House (BDH)] was used as a Co(Il) ionic source. Silver nitrate
(AgNOs, AllChem), palladium chloride (PdCl,, Merck), and
hexachloroplatinic acid hexahydrate (H,PtCls-H,O, BDH) were
used as nucleating agents. Propylene glycol (C3HgO,, Universal
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Laboratory & Chemical Supplies) was used as a solvent, a reducing
agent, and a dispersing agent. Sodium hydroxide (NaOH, Systerm)
was used to introduce OH™ ions into the solutions.

A 0.1 M Co(IT)-propylene glycol solution was prepared by dis-
solving Co(Il) acetate tetrahydrate powder in a 0.25 M NaOH-—
propylene-glycol solution. For the addition of nucleating agents, 2.5
mM AgNO;, PdCl,, and H,PtCls-H,O propylene glycol solutions
were prepared. 0.1 M lithium perchlorate (LiClO,4, Nacalai Tesque)
was added into the solution as a supporting electrolyte only in the
measurement of the mixed potential. The reaction solution was then
stirred and heated to a boiling temperature of about 150-165°C for
2 h. After the reaction, Co nanoparticles were separated by centrifu-
gation and washed several times with ethanol and acetone before
drying at room temperature in a vacuum.

The morphology of Co nanoparticles was observed by a trans-
mission electron microscope (TEM, Philips, CM12) and a field-
emission-scanning electron microscope (Zeis Supra, 55VP). The
mean diameter was determined by image analyses for 300 nanopar-
ticles in each sample. The structure was analyzed by X-ray diffrac-
tion (XRD, Siemens, D500). Magnetic properties, such as saturation
magnetization and coercivity, were measured at room temperature
using a vibrating sample magnetometer (DMS, model 10) with a
magnetic field of 2 T. The mixed potential on a platinum (Pt) plate
with an active surface area (360 mm?) was measured by a
potentiostat/galvanostat (Hokuto Denko Co. Ltd., HA-151), and the
Pt plate was mechanically polished before every measurement. A
Ag/AgCl electrode (Horiba, 2565A-10T) immersed in a 3.33 M KCl
aqueous solution was used as a reference electrode. The reference
electrode was connected to the reaction solution through a glass
bridge filled with the starting Co(II)—propylene glycol solution. In
this paper, all potentials are reported against the potential of the
Ag/AgCl electrode (0.206 V vs standard hydrogen electrode at
25°C).

Results and Discussion

Electrochemical behavior of propylene glycol.— Figure 1 shows
the change in mixed potentials with the reaction temperature up to
the boiling point with and without NaOH. Both mixed potentials
decrease with an increase in temperature. In the absence of NaOH,
the mixed potential is about 0.1 V vs Ag/AgCl at 50°C and shows
the minimum value (about —0.52 V vs Ag/AgCl) at the boiling
temperature. Thus, the strongest reducing ability is achieved at the
boiling point. The addition of NaOH shifts the mixed potential more
negatively, as shown in Fig. 1. In the presence of NaOH, the mixed
potential is about —0.35 V vs Ag/AgCl at 50°C. The minimum of
the potential curve (about —1.0 V vs Ag/AgCl) is reached at 130°C,
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Figure 1. (Color online) Changes in mixed potential measured with tem-
peratures up to the boiling point (165°C) in propylene glycol with and with-
out 0.25 M NaOH.

and the value remains constant up to the boiling point. The mixed
potential drastically changes because the presence of OH™ ions ac-
celerates the decomposition of propylene glycol and the decompo-
sition rate holds a balance to the evaporation rate above 130°C.

Figure 2 shows the time dependence of the mixed potential in
both solutions at the boiling point. In the absence of NaOH, the
mixed potential of propylene glycol is more positive than that in the
presence of NaOH, and it is variable as shown in Fig. 2a. This
difference in the mixed potential can be related to the concentration
of dehydrogenation products of propylene glycol, i.e., the decompo-
sition products with strong reducing ability such as aldehyde. In the
absence of NaOH, the dehydrogenation of propylene glycol is slow,
which leads to higher potentials. In contrast, the mixed potential of
propylene glycol is almost constant and is much lower in the pres-
ence of NaOH, suggesting a higher concentration of decomposition
products in the solution. Without NaOH, the potential shows no
change during the first 10 min at the boiling temperature, and then
gradually increases until it levels off after 1 h. Because abundant
decomposition products are formed when the temperature is in-
creased to the boiling point, the mixed potential is initially stable.
However, it is possible that evaporation of the decomposition prod-
ucts becomes faster than their formation at the boiling point, leading
to a slight increase in the mixed potential with time. As the reaction
continues, the dehydrogenation of propylene glycol and the evapo-
ration of dehydrogenation products occur at comparable rates, lead-
ing to the stabilization of the mixed potential.

Formation of Co nanoparticles— Figure 3 shows XRD patterns
of Co nanoparticles of about 150-400 nm diameter formed without
any nucleating agent. The diffraction peaks at 20 = 44.4, 75.6, and
92.5° are attributed to both face-centered cubic (fcc) and hexagonal
close-packed (hcp) Co. The fcc peaks at 51.6 and 98° and two broad
hep peaks at 41 and 47.2° are also observed. Thus, the synthesized
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Figure 2. (Color online) Changes in mixed potential measured at the boiling
point (165°C) in (a) pure propylene glycol and (b) propylene glycol with
0.25 M NaOH.
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Figure 3. (Color online) XRD patterns of Co nanoparticles prepared by
electroless deposition using (a) 0.06, (b) 0.08, and (c) 0.1 M Co(Il) acetate
tetrahydrate. The mean diameters of Co nanoparticles are (a) 388, (b) 364,
and (c) 298 nm. NaOH = 0.25 M.

Co nanoparticles have both fcc and hep structures, which agrees
with reported results.*%% No peaks of Co oxides and hydroxides are
observed even at higher Co(Il) acetate tetrahydrate concentrations,
as shown in Fig. 3. This suggests that all Co(II) acetate tetrahydrate
is reduced to Co nanoparticles by the present method even at high
concentrations of a Co(Il) precursor. Figure 4 shows the scanning
electron microscopy (SEM) images of the Co nanoparticles without
nucleating agents obtained from the solution with different concen-
trations of Co(II) acetate tetrahydrate. The average particle size de-
creases with an increase in the amount of Co(II) acetate tetrahydrate.
A larger number of Co(II) ions are available at a time for Co nucle-
ation with an increase in the concentration of Co(II) acetate tetrahy-
drate, which results in the formation of many nuclei at an early stage
of the reaction. The relative standard deviation of the particle
size is about 15% in all samples, suggesting sharp size distributions.

Effect of nucleating agent.— Figure 5 shows TEM images of the
Co nanoparticles synthesized with and without nucleating agents.
The addition of nucleating agents, such as AgNO;, PdCl,, and
H,PtClg-6H,0, significantly reduces the size of Co particles. The
mean size of Co nanoparticles is plotted to the concentration ratio of
[XV[Co(1D)], where X = Ag(I), Pd(II), and Pt(IV) in Fig. 6. Smaller
Co nanoparticles are essentially synthesized with a larger amount of
nucleating agent. The nucleating agents apparently work as hetero-
geneous nucleation sites. Submicrometer-sized particles (100-400
nm) are only synthesized with AgNO3, and the smallest Co nano-
particles of 106 nm diameter are obtained at a concentration ratio of
2.5 X 1072, Beyond this concentration ratio, agglomerated particles
are obtained. In contrast, particles of 40-120 nm are prepared with
PdCl, and H,PtCls-6H,0. Pt salts with relatively high solubility in
propylene glycol produce extremely fine particles, which seem to act
as stable Pt nuclei.”’ In AgNOE, Ag particles are easily agglomer-
ated at elevated temperatures,9’ % Thus, the Ag particles do not ef-
fectively work as the nuclei of Co particles. Similar results have
been previously reported by Viau et al.,” who synthesized CogNiy,
particles in ethylene glycol using AgNO; and K,PtCl,.

Figure 7 shows the changes in mixed potentials in the Co(I)-
propylene glycol suspensions with and without a nucleating agent
(2.5 mM H,PtCls-6H,0). In both cases, the mixed potential is
around —0.35 V vs Ag/AgCl at 50°C, which is close to the value
obtained for propylene glycol containing NaOH in Fig. 1. With an
increase in temperature, the mixed potential gradually decreases un-
til the potential reaches about —0.9 V vs Ag/AgCl. For the Co
particles synthesized without any nucleating agent, the minimum
mixed potential is —1.0 V vs Ag/AgCl at about 150°C. The poten-
tial remains almost constant at around —0.9 V vs Ag/AgCl over
150°C up to the higher 165°C limit of the boiling point. The color
of the reaction suspension changes from pink to black at the boiling
point, indicating that the reduction of Co(II) species starts near the
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Figure 4. SEM images of Co nanoparticles prepared by electroless deposition using (a) 0.06, (b) 0.08, (c) 0.1, and (d) 0.12 M Co(Il) acetate tetrahydrate. The
mean diameters of Co nanoparticles are (a) 388, (b) 364, (c) 298, and (d) 152 nm. NaOH = 0.25 M.

boiling point. In the presence of H,PtCls-6H,0, the minimum mixed
potential is about —0.9 V vs Ag/AgCl at 120°C. The potential does
not change significantly until the temperature becomes the boiling
point. The mixed potential is a much larger negative value in the
presence of the nucleating agent, which indicates that the decompo-
sition of propylene glycol and the reduction of Co(Il) species can
occur at lower temperatures. The potential reaches the minimum at a
lower temperature with the nucleating agent. Consequently, the pres-
ence of H,PtClg-6H,0 not only supplies the nucleation sites for Co
nanoparticles, but also accelerates the redox reaction.

Room-temperature magnetic properties of cobalt particles.— Fig-
ure 8 shows the changes in the coercivity of the Co particles with
respect to the mean particle size. The maximum coercivity of 560
Oe is achieved by the Co particles with an average size of 61 nm.
The coercivity of the particles larger than 61 nm decreases with the
increase in particle size, whereas the coercivity of the Co particles
smaller than 61 nm in mean diameter decreases with the decrease in
particle size. This clearly suggests two mechanisms of magnetiza-
tion reversal. ™' The larger particles exhibit multidomain behavior
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Figure 5. TEM images of Co nanoparticles prepared (a) without any nucle-
ating agent and by nucleating with 2.5 mM (b) AgNO;3, (c¢) PdCl,, and (d)
H,PtClg-6H,0. The mean diameters of Co nanoparticles are (a) 298, (b) 106,
(c) 121, and (d) 61 nm. Co(Il) acetate tetrahydrate = 0.1 M; NaOH
=0.25 M.
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Figure 6. (Color online) Changes in the mean particle size of the Co nano-
particles with increasing amounts of nucleating agents (AgNOj;, PdCl,, and
H,PtClg-6H,0). Co(Il) acetate tetrahydrate = 0.1 M; NaOH = 0.25 M.

5.21

where magnetization reversal is achieved by domain wall motion.
This is also supported by the linear relationship between coercivity
and the inverse of the mean particle size,” as shown in the inset of
Fig. 8. In contrast, the smaller particles show single-domain proper-
ties where magnetization reversal is accomplished by coherent spin
rotation.>*' The decline of the coercivity with the decrease in par-
ticle size is due to thermal effects.”>*

The largest saturation magnetization is about 168 emu g~!,
which is achieved by the largest Co particles, 364 nm in diameter.
This value is close to the saturation magnetization for bulk hcp Co
(~166 emu g!),?"**?* indicating that 364 nm diameter Co par-
ticles show bulk magnetic properties.

Conclusions

We have investigated the electroless deposition of Co particles in
boiling propylene glycol by in situ measurements of the mixed po-
tential. The mixed potential of propylene glycol decreases with an
increase temperature and with the addition of NaOH. The decrease
in mixed potential implies a stronger reducing ability for propylene
glycol due to the formation of decomposition products such as al-
dehyde. The mean diameter of the Co particles is varied to some
extent by changing the concentration of the starting material and by
the addition of nucleating agents. The presence of nucleating agents
aids in the formation of Co particles with sharp size distributions
and enhances the rate of the redox reaction because the mixed po-
tential is lowered and the reduction of Co(II) species occurs at a
temperature below the boiling point. The Co nanoparticles are fer-
romagnetic at room temperature, and the largest coercivity of about
560 Oe is measured on the Co nanoparticles of 61 nm mean diam-
eter.
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Figure 7. (Color online) Changes in mixed potential measured during the
reduction of Co(Il) species in propylene glycol with and without 2.5 mM
H,PtClg-6H,0. Co(Il) acetate tetrahydrate = 0.1 M; NaOH = 0.25 M.
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Figure 8. (Color online) Coercivity [H, (Oe)] at room temperature plotted vs
the mean particle size of Co nanoparticles. Inset shows the linear relationship
of the coercivity [H, (Oe)] vs the inverse of the mean particle size of the Co
nanoparticles with diameters of =61 nm.
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