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Chapter 1: Introduction
For last decade, metal nanoparticles have attracted many researchers’ attention because of their superior

chemical and physical properties, such as catalytic, optical, electrical, and magnetic properties. Several synthesis
methods have been reported to produce metal nanoparticles. However, large amount of organic solvents and
highly reactive reducing agents are required in most syntheses. Since considerable cost is required to treat wasted
organic solution and to recycle organic solvents, those synthesis methods are still difficult task to be applied in
industry. Thus, environmentally benign solvents are required to replace organic solvents.

Reductive supercritical hydrothermal synthesis is one of the most prospective environmentally benign
processes to produce metal nanoparticles. Water can satisfy both economic and environmental points of view,
since water is clean, inexpensive, and recyclable with relatively low cost. Most importantly, supercritical water
can provide high concentrated reaction condition. At near the critical point of water, the dielectric constant of
water dramatically decreases, thus water can act as organic solvents. In this reaction condition, precursor, reducing
agent, and organic modifier used as capping agent make a homogenous phase. Then, mono-dispersible organic
modified metal nanoparticles can be synthesized. Although supercritical water has many advantages as solvent for
producing metal nanoparticles, few reports on the synthesis of metal nanoparticles have been reported. Also, the
reaction mechanism of synthesizing metal nanoparticles under supercritical water condition has not yet reported.

In this study, metal nanoparticles such as Co and Ni, were synthesized with/without organic surface
modifiers, using reductive supercritical hydrothermal synthesis. The reaction mechanism was also elucidated by
using thermodynamic tools. Finally, continuous synthesis of cobalt nanoparticles was developed on the basis of
the reaction mechanism and theoretical results obtained from thermodynamic analysis.

Chapter 2: Back Ground of Research
To analyze the redox reaction of metal and to estimate the required amount of reducing agent,
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thermodynamic analysis is required. The Ellingham diagram is a well known thermodynamic tool to determine the
direction of the redox reaction between metal and metal oxide. The main chemical equation is described as

follows

MeO(s) + A E‘.’.‘i Me(s) + A’ €))
where MeO represents metal oxide, A represents Hy(g), C(s), or CO(g), Me represents metal, and A’ represents
H>0(g), CO(g), or CO,(g). K4 represents the equilibrium constant of reaction.

When the value of K, is obtained, the required amount of reducing agent for forward reaction can be
estimated. The Ellingham diagram is generally used for several metal-metal oxide systems, but solvent effect on
each component is not taken into account. The revised HKF EOS (Helgeson, Kirkham, and Flowers equation of
state) model [1] is applied to calculate the solvent effect on each component at supercritical water condition.

The HKF EOS provides precise values of the standard partial molar Gibbs free energies of formation, of
each aqueous species, &G_‘;, including electrolytes, ions and neutral materials. With summation of the Gibbs free
energy of formation of each species, the standard partial molar Gibbs free energy of reaction, A,G®, is calculated,
and then the value of K, is can be obtained by following equation.

Ky = e~ 06D ()

By using the revised HKF EOS, the precise value of the equilibrium constant of reaction can be obtained
even under the supercritical condition. However, the multiphase effect on the batch reactor system is not
considered. When we use hydrogen obtained from the decomposition of formic acid, amount of dissolved
hydrogen gas in liquid water should be considered, since most of hydrogen gas immediately goes to gas phase
during the heating process. The amount of dissolved hydrogen gas in liquid water has to be identified to design
and optimize the reaction system. To calculate these values, PSRK EOS (predictive Soave Redlich Kwong EOS)
[2] was applied.

Chapter 3: Reductive Supercritical Hydrothermal Synthesis of Metal Nanoparticles and Development of

the Reaction Mechanism

Cobalt nanoparticles were synthesized at
near the critical point of water with batch reactor.
An aqueous solution of cobalt (II) acetate 80 I
tetrahydrate (0.1 M) was used as a precursor and
formic acid was used as a source of hydrogen gas bt i
that acts as a reducing agent. The experiments
were conducted at low and high temperatures “r

around the critical point of water. The

Cobalt peak intensity percent, %

crystallographic phases were investigated by using

XRD analysis, and the obtained cobalt peak ol — l ?
320 340 360 380 400 420

intensity from the XRD peak patterns was Temperature, °C

described in Figure 1. It describes the Co peak Figure 1 Cobalt peak intensity percent at various

intensity percentage obtained from comparison reaction temperatures.
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between foce Co and Co0. At low  Metal (Il oxide
Me(ll)O + H; — Me + H,O Metal

temperature condition, small amount of
cobalt nanoparticles was  synthesized.
However, at near the critical point of water, Hy h "
only cobalt nanoparticles were obtained, Hy H; H,
since all the produced H;could take part in

(d) At reaction

the reduction. Over the critical point, Co

peak intensity percent was decreased. Lack

of amount of H; causes the formation of M

CoO. Since the reaction is exothermic, the Metal oxide forms & grows

more amount of Hy gas is required.

On the basis of the results, the Figure 2 Schematic diagram of reaction mechanism under
reaction mechanism was elucidated. The the reductive supercritical hydrothermal synthesis

schematic diagram of the reaction mechanism is described in Figure 2. In the batch reactor system, the reaction
temperature increases slowly because of long heating process, which takes 6 min to reach 380 °C. During the
heating process, CoO is expected to be formed. Since most of hydrogen gas, from the decomposition of formic
acid cannot dissolve in the liquid water, only small portion of the hydrogen can take part in the reduction.

At near the critical point of water all the hydrogen gas can take part in the reduction, since a
homogenous phase is formed in the reactor. However, large amount of hydrogen gas is required to produce cobalt
nanoparticles, because metal oxide is already formed during the heating process. Thus, high concentration of
hydrogen gas is required as the reaction temperature is increasing. Therefore, near-critical condition provides
better environment for the synthesis of cobalt nanoparticles by making a homogenous phase.

Chapter 4: Surface Modification for Organic Modified Cobalt Nanoparticles in the Reductiv

Hydrothermal Synthesis

The cobalt nanoparticles were modified by using nine organic modifiers. Trioctyl-phosphine oxide, oleic
acid, lauric acid, oleylamine, and decylamine provided cobalt nanoparticles without any impurities, However,

muct].-'l—phusphlne (TOP), sodium dndecylbenzene sulphonate, dlElh}"-dEG}"]phﬂSphﬂnalE and 1-dodecanthiol

without any impurities. The effect of
organic modification on the reduction
is also investigated by using oleic acid.
In the previous chapter, the formation
of metal oxide is confirmed during the
heating process. To suppress growth of

the metal oxide, oleic acid was

employed. By employing oleic acid,

Figure 3 Oleic acid modified cobalt nanoparticles
(a) after pH adjustment (b) before pH adjustment.

the required amount of formic acid
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was reduced. To increase the interaction between oleic acid and cobalt nanoparticles and that between oleic acid
and CoO, pH condition was adjusted for the reaction. The electric charge is increased by thinking conditions of
pKa of oleic acid, isoelectric point (IEP) of CoO and IEP of Co together. At pH 5.2, the electric charge was
maximized because of highly deprotonated oleic acid and positively charged surface of cobalt and CoO. The
required amount of formic acid was reduced from non-pH adjusted reaction system. The TEM images of the
synthesized oleic acid modified cobalt nanoparticles were shown in Figure 3. The morphology and size of the
particles are observed in the images. Figure 3 (a) shows oleic acid modified cobalt nanoparticles after pH
adjustment, and (b) shows oleic acid modified cobalt nanoparticles before pH adjustment.

Chapter 5: Development of flow reactor system for the reductive hydrothermal synthesis of the cobalt

nanoparticles
On the basis of the results of previous chapters, cobalt nanoparticles were continuously synthesized by

using a flow type reactor. By calculating the

equilibrium constant of the reaction using the PSRK - &% o ?:nﬂgf::; o?:i :frt:: l::ﬁ:;e

EOS, the required amount of hydrogen gas was _g S s e

estimated [3]. The estimated required amount of E . [ ¥ 200 Ime Acke g

formic acid was described in the Figure 4. The g [

experimental results of batch reactor system were E e

plotted in the same figure for the comparison. The '§ oosl

required amount of formic acid in the flow reactor g |

was well matched with the estimated value. In g 000l

addition, surface modification of the cobalt R T . T

Temperature, °C

nanoparticles developed by using trioctyl-phosphine

(TOP). The performance of the modification was Figure 4 Estimation of the required amount of formic
. o . acid for producing cobalt nanoparticles. The symbols
increased with increasing amount of TOP. show experimental data.

Chapter 6: Summary

In this thesis, novel synthesis method for metal nanoparticles was introduced by using supercritical water.
At near the critical point of water, the reduction occurred by hydrogen gas was promoted, since supercritical water
condition provides a homogenous phase. The reaction mechanism was also elucidated by calculating amount of
hydrogen gas in liquid water phase. Organic modification for cobalt nanoparticles were also succeeded with oleic
acid, and pH adjustment was conducted to increasing electric charge between modifier and Co and that between
modifier and CoO. Finally, based on the estimation of the required amount of formic acid, cobalt nanoparticles

were continuously synthesized with and without organic modifier (TOP).

Reference 1] Tanger IV et al., Am. J. Sci. 288 (1988) 19-98. [2] Holderbaum et al., Fluid Phase Equilib. 70
(1991) 251-265. [3] Seong et al., J. Supercritical fluid 60 (2011) 113-120.
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