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General Introduction



Chapter 1

1.1 Key Parameters for The Properties of
Nanoparticles

Nanoparticles (NP) are defined as the materials having at least one
dimension in the nanometer regime, typically less than 100 nm, which are
considered as an intermediate between the atoms and the bulk. Over the last two
decades, the NPs have been studied extensively due to their potential
applicability in a variety of fields including catalysis, magnetism, opto-
electronics, bio-medical and so on [1]. The NPs have aberrant features in
electronic and geometric structures compared to bulk materials. The energy of
electronic levels of NPs is quantized rather than continuous (bulk) because of the
confinement effect in small spatial area. Therefore, the energy spacing in NPs
can be regulated as a function of the sizes of the NPs. This fundamental
difference in electronic structure induces metal to nonmetal transition in NPs.
The geometric structures of metal NPs are also noticeably different from the
bulk. NPs have high population of atoms with low coordination number due to
the large number of atoms located at the surface. In addition, small NPs often
possess non-close pack icosahedral structure. Because of this uniqueness in
structures, NPs shows novel properties, which are not attainable in bulk
materials. When the NPs are composed of a single component, their properties
can be controlled by size and shape [2]. In contrast, if the NPs are composed of
more than one component, other parameters such as composition and mixing
mode can be used as key parameters to control the properties in addition to size

and shape.
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Figure 1.1. Typical dependency of size and shape on the properties of NPs.

1.1.1 Effect of Size

Among the all other structure parameters, size is the primary parameter for
the NPs. Catalytic, magnetic, optical and thermodynamic properties of NPs can
be tuned by changing the size. Tsunoyama et al. demonstrated the aerobic
oxidation of benzyl alcohol by (poly(N-vinyl-2-pyrrolidone) (PVP) stabilized
colloidal Au NPs [3]. The catalytic activity of Au NPs rapidly increased with
decreasing size. The reverse trend in catalytic activity was observed in the
aerobic oxidation of benzyl alcohol by PVP stabilized colloidal Pt NPs [4]. The
selectivity of a reaction can also be tuned by changing the size of the catalyst.
Kuhn et al. reported that the selectivity of pyrrole hydrogenation is strongly
depended on the size of the dendrimer stabilized Pt NPs [5]. The selectivity to
ring opening products is nearly 100 % for the Pt NPs larger than 2 nm. The
origin of the size effects in catalysis is based on several factors: high

surface/volume ratio; low coordination sites; quantum size effect.
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For magnetic NPs, the size plays a crucial role in spin cross over, which
induces an interesting phenomenon called super-paramagnetism. Super-
paramagnetic materials can be defined as a class of ferromagnetic material in
which the spin-up and spin-down states fluctuate frequently by the thermal
energy of the material. Therefore, the net magnetization becomes zero and do not
show any hysteresis behavior. The transition from ferromagnetism to super-
paramagnetism is dependent on size. Another phenomenon related to
ferromagnetism is the transition between single domain and multi domain. The

general trend of size dependent magnetic properties is shown in Figure 1.1.

Single Domain Multi Domain

~~

Ferromagnetic

Super-
paramagnetic

Particle size

Figure 1.2. Size dependency on the magnetic behaviour of ferromagnetic

materials.

1.1.2 Effect of Shape

Shape is the another important structure parameter to manipulate the
properties of NPs. NPs of different shapes have been prepared by different
method by changing several parameters such as concentration of precursor, type
of stabilizer, type of reduction method etc. The catalytic properties of NPs were

found to be dependent on the shape of the NPs. Bratlie ef al. reported the shape
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dependent hydrogenation of benzene by colloidal Pt NPs [6]. Narayanan et al.
reported that the activation energy of electron transfer reaction between
hexacyanoferrate ions and thiosulfate depend on the shape of Pt NPs of
comparable size [7]. The origin of the shape dependent catalytic property was

ascribed to terrace dependent activity of different products.

The magnetic properties are also strongly dependent on shape of the NPs.
The main reason for this shape dependence is that the magnetic easy axis (axis of
magnetization) depends on the geometry of the NPs. For a rod like shape the
magnetic easy axis is determined by the aspect ratio. Nano rods with a high
aspect ratio have an easy axis parallel to the long axis. Choi ef al. investigated
the magnetic properties by changing the aspect ratio of Co/Pt nano rod and found

that the coercivity increases with the increase of the aspect ratio [8].

1.1.3 Effect of Composition

It has been established that the electronic structure of NPs is modified by
the introducing secondary component and the modification is maximized for a
specific composition. Charge transfer in NPs having two components with
dissimilar electron affinity is the most pronounced modification in electronic
structure. The geometric structure can also be modified by the addition of the
second component because of the strain effects which ultimately change the bond
distances of the NPs. The degree of overlapping between the orbitals decreases
when the second component exerts tensile strain. Reverse modification is also
possible if the second component produces compressive strain. Therefore,
composition is another crucial parameter to control the properties of the NPs.

Zhang et al. reported that Au decorated Pd NPs shows significant enhancement
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in catalytic activity for the oxidation of glucose [9]. Chaki et al. reported the
enhancement of catalytic activity for the oxidation of p-hydroxy benzyl alcohol
by Ag doped Au NPs [10]. The origin of the enhancement in catalytic activity by
these bimetallic NPs was ascribed to the intermetallic electron transfer [9,10]. In
the above two examples, electron donation to Au atoms was observed.

In the case of magnetic property, the dopants can also modify the magnetic
behavior drastically. Ito et al. reported that doping Fe or Co atoms could
magnetize non-magnetic Pd NPs [11]. The magnetic moment becomes

maximized at low concentration of Fe.

1.1.4 Effect of Mixing Mode

The mixing mode is an important parameter to control the properties of
NPs since the extent of modification in electronic and geometric structure in
binary NPs is dependent on the type of mixing mode. Therefore, in binary NPs, it
is important to know how the two components are mixed in addition to size,
shape or composition. The binary NPs can be categorized into mainly two types
based on the mixing mode. The schematic representation of the classification is
shown in Figure 1.2.

Single Phase: A single phase structure can be defined as homogeneously
mixed solid solution structure where the atoms of the two different components
occupy the different sites of a single type of crystal structure. Single-phase
structure is usually formed between two metals. Solid solution bimetallic alloys
such as Cu-Pd, Fe-Co, Fe-Pt are the examples of single-phase structure [12]. A

single-phase structure can be further classified into two types.
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Random structure: When the atoms of two different components occupy
different sites of the crystal lattice by a random distribution method, the structure
is defined as random structure. In a becc CuPd alloy the two atoms are randomly
distributed in the bcc structure.

Ordered structure: When the atoms of two different components occupy
different sites of the crystal lattice by a sequential distribution method, the
structure is defined as ordered structure. In a B2 CuPd alloy, the Cu atoms
occupy the center position and the Pd atoms occupy the corner positions of the
bee structure [12(a)].

Two Phase: When two type of crystal structure present in a single
material, the structure is defined as two phase structure. In two phase structure
atoms of two components form a two individual crystal structure in two different
area. Two-phase structure can be formed between metal-metal, metal-oxide and
oxide-oxide. Rh-Cu in bulk state and Au@SiO, are the examples of two-phase
structure [13, 14]. It can be further classified in to two classes.

Core-Shell structure: When one type of phase forms the core and the
other type of phase forms the shell in a two phase system, the structure is defined
as core-shell structure. A core-shell structure is usually written as A@B, where
A is metal and B is either metal or oxide. Co@Pt, Au@SiO; are the examples of
core-shell structures [14, 15].

Phase separated structure: When the two phases are separated by a
phase boundary (grain boundary) into a two-phase system, the structure is
defined as phase separated structure. A phase separated structure usually written
as A/B, where A and B represent metal or oxide. The atoms of Rh and Cu in bulk

state are not atomically mixed [13]. They form two different domains in two
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different area of the alloy. Therefore, Rh-Cu in bulk state is an example of phase-

separated structure.

Binary Nanoparticles

Single Phase Two Phase
I |
| | | |
Random Ordered Core@shell Phase separated
&l
3 )
55
CuPd B2 CuPd Co@Pt Rh/Cu

Au@SiO, Ag/CeO,

Figure 1.3. Classification of binary NPs. The blue and yellow spheres indicate
the two different atoms.

There are few examples where the difference in property in two different
mixing modes has been demonstrated. Kobayashi et al. demonstrated that the
hydrogen storage property by Pd@Pt and PdPt nanoalloys (NAs) are strongly
dependent on the mixing mode [16]. In the core shell Pd@Pt structure hydrogen
can be stored only on the interfacial area of the core shell structure. Hydrogen
storage is greatly enhanced in the solid solution PdPt structure.

Park et al. demonstrated the synthesis and magnetic properties of core shell
and solid solution CoPt NAs [14]. For a core shell Co@Pt structure the magnetic
properties are similar with monometallic Co NPs and shows coercivity of 300
Oe. The magnetic properties of solid solution CoPt are greatly enhanced and

show large coercivity of 6900 Oe.

1.2 Aim of This Work
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The aim of this work is to develop synthetic methods of novel binary NPs
(metal-metal, metal-oxide) with controlled structure for the magnetic and
catalytic properties. In this work, I mainly focused on controlled composition and
mixing of two elements in binary NPs. However it is challenging to control the
mixing mode in NPs. In order to mix two atoms homogeneously, heat treatment
is required which induces sintering. On the other hand, all the metals are not
miscible with each other. The immiscible metals cannot be mixed in a controlled
way. To overcome these difficulties, I employed the following strategies.

1. Hydrogen can be migrated into the lattice of metal NPs and promote atomic
diffusion at lower temperature [17]. Therefore, controlled mixing of two atoms is
expected by annealing under hydrogen.

2. The miscibility of metals increases with decreasing the size. Therefore, it
could be possible that the misciblity drastically increases in sufficiently small
NPs.

FeCo is a potential magnetic material because of its high saturation
magnetization. It is difficult to control the structure of FeCo in nano-scale. Due
to the inhomogeneous mixing, poor crystallinity and oxidation in FeCo NAs the
magnetic properties depleted from the bulk material. Therefore, these difficulties
should be overcome in order to obtain high saturation magnetization in nano-
size. In chapter 2, I aimed to overcome these difficulties by employing hydrogen
reduction of PEG stabilized FeCo oxide composite and I studied composition

dependent magnetic properties of FeCo NAs.

Rh and Cu are immiscible at low temperature according to the phase

diagram in bulk state. New properties are expected if RhCu NPs with solid
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solution structure are obtained. In chapter 3, I employed co-reduction of two
metal ions in aqueous medium in presence of PVP to prepare RhCu NAs. Then, I
investigated the catalytic property of the RhCu of different composition NAs for
the hydrogenation of 4-nitrobenzaldehyde.

I prepared PVP stabilized Ir NPs and I found that Ir NPs are not simply
consists of Ir (0); the NPs are partially oxidized. In chapter 4, I aimed to
understand the structure of partially oxidized Ir NPs and I found that small IrO;
islands are on the surface of Ir NPs. I tested the catalytic activity of this partially
oxidized Ir NPs for the hydrogenation of nitroaromatics and compared with other
metal NPs (Ir, Pd, Pt, Rh, Au) protected by PVP of comparable size. Ir NPs
showed best selectivity among different metals. Finally, I tried to understand the
role of oxidized and metallic phase of Ir NPs on the catalysis.

In chapter 5, concluding remarks and the future prospects are given on the

basis of the chapters 2-4.
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2.1 Introduction

Nanomaterials with high magnetic moments have potential application in
various fields, such as data storage, magnetic resonance imaging, and high
performance transformers [1]. Nano-scale alloys (nonoalloys; NAs) of Fe-Co are
promising materials for these applications because the bulk bcc alloy has the
highest saturation magnetization (M; = 233 emu/g for FesoCos, 245 emu/g for
Fe70Cos30) [2] in this class of metals and high Curie point (1173 K) [3]. Various
synthetic methods of Fe-Co NAs have been proposed, including thermolysis of
Fe and Co carbonyl compounds, [4] reduction of Fe’* and Co®" by 1,2-
hexadecanediol, [5] reductive thermal conversion of nanometric Prussian blue
analogues, [6] polyol method, [7] aqueous reduction method [8] and soft-
template method [9]. These methods allow us to control size, [5, 7(b)]
morphology, [8(b), 9] and compositions[5, 6, 8(c)]. Despite these efforts, the M;
values of the resulting Fe-Co NAs are still smaller than that of the bulk and fall
in the range of 150 — 235 emu/g [4(a), 5, 7(c), 8(c)]. Therefore, the synthesis of
Fe-Co NAs displaying the bulk M; values still remains a challenge. Main reasons
for the depletion of the magnetic properties are oxidation in ambient conditions,
formation of carbide phase, and poor crystallinity. Post-synthesis thermal
treatment can circumvent these problems; this treatment yields bcc Fe-Co NAs
covered by a carbon layer for protection against ambient oxidation.

Another structure parameter, which affects the magnetic properties of Fe-
Co alloys, is the degree of long range ordering of Fe and Co in bec structures. It
is known that Fe,Cojp.. alloys undergo a transformation between the bcc
disordered phase and the B2 (CsCl-type) phase. The B2 phase exists over a range

30<x<70 [10]. It is reported that the M; values of the ordered alloys are slightly

13
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larger than those of the disordered alloys both in the bulk and in nano-scale [4(a),
11]. Recently, it is reported that the temperature required for well-ordered
alloying can be reduced significantly under hydrogen atmosphere [12]. In
addition,  well-ordered alloying was achieved during hydrogen
adsorption/desorption of a phase-separated, core/shell-type structure [13]. It is
also reported that hydrogen can be dissociated and diffused easily on the surface
of Fe-Co alloy [14]. These works imply that thermal treatment of Fe-Co NAs
under hydrogen enhances the mixing rates of Fe and Co atoms and transforms
them into B2 structure, which corresponds to the global minimum structure.

In the present work, I developed a two-step method to prepare solid-
solution type, Fe-Co NAs, whose M value is as high as bulk alloys, as illustrated
in Scheme 1. In the first step (i), small Fe-Co NAs were prepared by rapid and
simultaneous reduction of the corresponding metal ions in the presence of
stabilizers. The key feature is that individual particles contain both elements with
an average composition expected from a molar ratio of the starting compounds.
However, the Fe-Co NAs thus prepared were found to be oxidized and phase
segregated into Fe;O; and CoO during the workup under ambient condition. In
the second step (ii), the oxidized particles were again reduced by heating under
hydrogen flow. This treatment induced homogeneous mixing of the two elements
and created an amorphous carbon layer, which protect the resulting NAs from
oxidation. The evolution of the phase structure was monitored by in-situ X-ray
diffraction (XRD). Various characterization methods including transmission
electron microscopy (TEM), high-resolution TEM (HRTEM), energy-dispersive
spectroscopy (EDS) and XRD revealed that Fe-Co NAs prepared by the above

method have a solid-solution type and highly crystalline structure. I studied

14



Chapter 2

dependences of particle size and composition on the magnetic properties and
found that the Fe;0Cosp NAs with an average diameter of 30-55 nm showed the
M; value of 250 emu/g, which is the highest in the literature and comparable to

that of the bulk alloy (245 emu/g).

2.2 Experimental

2.2.1 Chemicals

Iron (II) acetate (Fe(OAc),) and Cobalt (I) acetate (Co(OAc),), poly
ethylene glycol (PEG) (My: 15000), sodium borohydride (NaBHjy), Triethylene
glycol (TEG), from Wako Pure Chemical Industries Ltd. were purchased and
used without further purification. Deionized water (18 MQ cm) was used to

prepare aqueous solutions.

2.2.2 Preparation

For preparation of a Feso)Cosp NA, 1 mmol of Fe(OAc), and 1 mmol of
Co(OAc); were taken in 200 mL of triethylene glycol in presence of 40 mmol
polymer (monomeric unit). To dissolve the reactants properly the reaction
mixture were put in ultrasonic bath for about 30 min at 25°C. Then argon gas
was bubbled into the reaction mixture for 30 min while stirred mechanically.
Upon addition of 4 ml aqueous solution of NaBH, (5M) into the mixed solution
at 140 °C, the color of the solution immediately changed from reddish brown
into brownish black indicating the formation of Fe—Co NAs (step 1). After
cooling the dispersion to room temperature, the black precipitate was obtained by
adding 600 ml mixed solvent of acetone and diethyl ether (1:1) and collected by

centrifugation. The supernatant was colorless, indicating that the metal precursor

15
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ions were completely reduced to form the precipitates. The precipitates were

oxidized under ambient conditions and gave phase segregated oxide composites,

composed of Fe;O; and CoO. The oxide composites were reduced again by

heating under hydrogen flow (step 2) with thermogravimetry (TG) instrument

(Bruker, MTC1000SA) by flowing hydrogen at 200 mL/min at 450 °C.

Monometallic Fe and Co NPs were also prepared as references in a similar

manner.

Scheme 2.1. Preparation procedure of Fe-Co NAs by the two-step reduction.

T
Oxidation
‘ (Spontaneous) .
|\
(i) Reduction o

(i) Reduction
(NaBH,) /r\&/ (H,, Heat)

Coz+
Polymer— N FeCo || carbon
/\N_,e.zj Layer
® [5)

2.2.3 Characterization

A. Transmission electron microscopy (TEM)

A drop of NAs dispersion (~0.4 mM) in ethanol was put on a hydrophobic

film coated TEM grid and the solvent was dried naturally. Transmission Electron

Microscope (JEM-2100F, JEOL) operated at 200 kV was used to study the

morphology and the average size at different magnification ranging from

100,000-250,000.

B. Powder X-ray diffraction (XRD)

16
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The finely powdered samples were put on a glass holder and slightly
pressed with a glass slide to flatten the samples. Powder X-ray diffraction (XRD)
profiles of the solid samples of NAs were measured by using a D8 Advance
diffractometer (Bruker) with a radiation source of Cu Ka (1.5418 A) operated at

40 kV and 40 mA.
C. In situ X-ray diffraction (XRD)

In situ XRD was carried out using synchrotron radiation at the BL44B2 of
the SPring-8 the X-ray having wavelength of 0.579088(3) A. The diffraction
patterns of samples in a glass capillary were taken under controlled hydrogen
atmosphere (0—0.1 MPa). Rietveld analysis was performed by using Topas4
fitting software.

D. Elemental mapping

High-angle annular dark-field scanning TEM (HAADF- STEM) and
scanning TEM EDS (STEM-EDS) mappings were recorded with a JEM-
ARM200F (JEOL) operated at 200 kV.

E. Magnetic measurements

M-H magnetization curves were measured for the NAs and monometallic
Fe and Co using the MPMS XL superconducting interference device
magnetometer (Quantum Design) in the field range of 20 kOe at 300 K.

F. Inductively coupled plasma atomic emission spectroscopy (ICP-

AES)

The metal content and composition of the FeCo NAs were determined by
using an inductively coupled plasma atomic emission spectrometer (ICPE-9000,

Shimadzu). Approximately 3-10 ppm concentration of samples were prepared by

17
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dissolving solid FeCo NAs in 8 % (volume) aqua regia. A series of standard

solution (1-10 ppm) of Fe and Co were used to calibrate the spectrophotometer.

2.3 Results and Discussion

Figure 2.1a shows a typical TEM image of the PEG stabilized oxide
composite obtained from the reaction solution of Fe:Co= 50:50. The composite
is composed of small grains of about 5 nm in diameter. Powder XRD pattern of
the oxide composite was reproduced by a superposition of diffraction patterns of
Fe,03 and CoO nanocrystallites with the size of 2.5 and 2.9 nm, respectively
(Figure 2.1b). The above results indicate that FeCo NAs once formed by co-
reduction were oxidized into phase-segregated oxide particles during the workup
under the ambient condition. I hereafter refer to the samples (oxide composites)
as Fe,Co100-+O,/PEG or Fe,Co109O,/PVP, where x represents the relative atomic
ratio of Fe as compared to the total number of metal atoms used in the above

preparation (Scheme 2.1).
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4.5+0.8 nm

Population (%)

Intensity/(a.u)

Figure 2.1. (a) TEM image and (b) XRD pattern of FesoCos0O,/PEG composite.

The Fe,Coi00»O,/PEG composites were then heated at 450 °C under
hydrogen (0.1 MPa) for 0.5 h (step ii). Here, details of the structure analysis are
given for the calcined sample of FesoCosoO,/PEG as an example. Figure 2.2a
shows the typical TEM image of FesoCoso. The average size of the particles was
30 £ 5 nm. The HRTEM image of FesoCoso (Figure 2.2b) demonstrates that the
particle is highly crystalline with periodic lattice fringes. The lattice spacing of
0.20 nm corresponds to the distance between (011) planes of bce FesoCosg alloy
(0.202 nm). Close inspection of the HRTEM image suggests a formation of
amorphous carbon layer on the surface. The carbon layer was formed from the
stabilizing polymer of the metal oxide composite by the heat treatment. The

powder XRD pattern (Figure 2.2¢c) could be fitted by assuming single-phase bcc

19
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type structure, in which Fe and Co forms a solid solution type alloy. I did not
observe XRD patterns of the oxide phases for the calcined samples even though
they were measured after storage for 3 months under ambient conditions. Thus,
the calcined samples are referred to as Fe,Cojgor. The crystalline size calculated
by Scherrer analysis of the XRD pattern of FesoCoso (Figure 2.2¢) was 32 nm,

which is consistent with the size estimated from TEM.

30+5 nm
)
o
, ==
o]
E FeCo
-
S [
Carbon -]l
0 25 50
d/inm
= (c)
=)
8
>
‘»
c
D o ™
= = &
" E—_——
1 L 1 L 1

Figure 2.2. (a) TEM image of FesoCoso NAs prepared from FesoCosoO,/PEG. (b)
HRTEM image of a section of a single particle circled in (a). (d) Powder XRD
pattern of the FesoCoso NAs prepared from FesoCosoO,/PEG.

Figure 2.3a shows a HAADF-STEM image of FesoCosyp NAs calcined
under hydrogen. Figure 2.3b and 2.3¢ show the STEM-EDS elemental maps for
Fe and Co, respectively. Both constituent atoms in the FesoCosp NAs are

homogeneously distributed, which gives the evidence of formation of solid-

20
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solution alloy.

Figure 2.3. (a) HAADF-STEM image, (b) Fe-K and (c) Co-K STEM-EDS maps
of F650C050 NAs.

The effect of hydrogen atmosphere on structural changes during heating
was studied by in-situ XRD measurement. Figure 2.4 shows the XRD patterns of
FesoCos50O,/PEG with and without hydrogen while changing the temperature.
The XRD patterns were analyzed by Rietveld method by assuming four phases;
FesoCosp alloy with bee structure, iron oxides (Fe,O;, FeO) and cobalt oxide

(CoO). The formation of FeO phase suggests that reduction of Fe,O; by H,
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proceeds via the FeO phase. The relative populations of the four phases in
FesoCosp alloy are plotted as a function of temperature under hydrogen and
vacuum in Figure 2.5a and 2.5b, respectively. Under hydrogen atmosphere, the
FesoCosp alloy phase appeared at 350°C and its population monotonically
increased with temperature while those of Fe,O3/FeO and CoO phases decreased
with a similar rate (Figure 2.5a). This behavior indicates that FesoCoso alloy
phase is formed through the simultaneous reduction of Fe,O3;/FeO and CoO
phases. On the other hand, the alloy phase was not formed even at 500 °C under
vacuum. Only a half of CoO phase was reduced to Co phase, whereas Fe,O3/FeO
was not reduced at all. This indicates that hydrogen plays an essential role for the
simultaneous reduction of both oxide phases as well as for homogeneous mixing

of constituent atoms to form solid solution Fe-Co alloy.
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Figure 2.4. In-situ XRD patterns of FesoCos0O,/PEG during heating under
(a) 0.1 MPa hydrogen and (b) vacuum. XRD patterns of Fe;O; and CoO

are indicated at the bottoms.
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Figure 2.5. Phase populations in FesoCosoO,/PEG as a function of temperature

under (a) 0.1 MPa hydrogen and (b) vacuum.

In order to reveal the effect of the compositions on the magnetic properties,
it is required to prepare NAs with various compositions while keeping the
diameters constant. However, this is a technical challenge at the present stage. As
an initial step towards such goal, I prepared Fe,Cojgor (20<x<80) NAs in the size
range of 30-55 nm. The atomic ratios of Fe and Co in the NAs were proportional
to those of precursor metals used in the synthesis (Figure 2.6). Powder XRD

patterns indicated that Fe,Cojgo.x NAs are composed of a pure Fe-Co alloy phase
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(Figure 2.7) except for Fe;gCosgo in which fcc Co phase is additionally observed.
The distance between (111) planes increases with increasing Fe ratio. The
average size estimated from XRD and TEM (Figure 2.8) are consistent and in the

range of 30—45 nm (table 2.1).
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Figure 2.6. Linearity between starting and final compositions of Fe,Co1go.x

NAs.

25



Chapter 2

mbcc FeCo #fcc Co <+hcp Co

mO11

- W002
- w211

Fe
Feg,Coy :

. FeCoy

__FesCosp

B
Solid solution

_FesCop
| FexCoy

AEERAE

Intensity (a.u)

010
111
011

*,
o
.,
o
.
”

110

€002
€022

Co

guus

0.5 0.6 0.7 0.8 0.490 0.500
1/d (1/A)

Figure 2.7. (a) XRD patterns of Fe,Cogo.x NAs and (b) its expanded view at

011 position.
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Figure 2.8. TEM images of Fe,Cojgo.x NAs.
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Table 2.1. Diameters of Fe,Cojg9.x NPs determined by TEM and XRD

analyses.
Sample Diameter
drem (nm) dxrp (nm)
Fe,oCosgo 42 + 11 44
Fe;30Coro 36 + 10 35
Fe40Cogo 29+ 7 31
FesoCoso 30+5 32
FeeCoao 30+ 6 31
Fe;0Cosg 35+£5 34
FegoCoao 40+ 8 43

Figure 2.9a shows the magnetization curves for FesoCoso NAs and

monometallic Fe, Co NPs. The magnetization was normalized by the total weight

of the metals determined by ICP-AES analysis. The FesoCosyp NAs exhibited

ferromagnetic behavior with a typical hysteresis loop and a larger M, value

compared to the monometallic NPs.
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Figure 2.9. (a) Magnetization curves for Fes)Cosp NAs and Fe, Co NPs at 300

K. (b) Composition dependency on M; of Fe,Cojgox NAs.

The magnetization behavior depended strongly on the composition. The M;
values were plotted as a function of the composition in Figure 2.9b. The FeCo
NAs synthesized in this study showed very high M; values. The average M,

values of FesoCoso and Fe;0Cozg NAs were determined to be 238+5 and 250+6
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emu/g, respectively, from the three batches of the samples (Figure 2.9b). It is
notable that these values are comparable to those of corresponding bulk alloy
(233 emu/g for FesoCosp and 245 emu/g for Fe;0Cosp) [2]. TEM, XRD and
elemental mapping results suggested that constituent metals in the Fe-Co are
homogeneously mixed. It is, therefore, supposed that homogeneous mixing of
constituent metals promotes electronic interactions among metals, resulting in a

large M values as observed in the ordered Fe-Co alloys.

2.4 Summary

In conclusion, I prepared homogeneously mixed, solid-solution Fe-Co NAs
by hydrogen reduction of the mixed oxide composites. The M values of Fe-Co
alloys with 30-55 nm in diameter are higher than those reported previously and
comparable to that of corresponding bulk Fe-Co alloys. The heat treatment under
hydrogen is found to be feasible for improving crystallinity and for promoting
electronic interaction of constituent elements similarly to those achieved in the

ordered Fe-Co alloy systems, which gives the largest M.
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3.1 Introduction

Bimetallic NPs often show improved properties than monometallic NPs by
the modification of electronic structures of NPs [1]. The degree of modification
of the electronic structures is greatly enhanced in solid solution structures rather
than in a phase separated or core-shell structures [2]. Therefore, productions of
solid solution structures are required in order to explore new properties of
catalysis, magnetism, and so on. However, it is considered that bimetallic NPs
with solid solution structures are produced only with a limited number of
combinations according to phase diagram in bulk state.

Several theoretical papers suggest that phase diagram in the bulk and that
in nano scale are different due to difference in surface energy, melting point,
transition temperature, solubility etc. [3]. Recently, few experimental reports
demonstrated the formation of NAs with solid solution structures of two metals,
which are immiscible in bulk state. Kusada et al. reported the solid solution alloy
of Rh-Ag by a ethylene glycol reduction method [4]. Essinger-Hileman et al.
reported the formation of Au-Rh, Au-Pt, Pt-Rh, Pd-Rh NAs with average
diameter of 10 nm by a chemical reduction method [5].

Rh and Cu are also immiscible in the bulk state at low temperature
according to the phase diagram as shown in Figure 3.1. At a high temperature
(~1000 °C), there exist several meta-stable solid solution structures, which
undergo phase separation into pure phases composed of Rh and Cu at lower
temperature [6]. Several theoretical reports also predicted the phase separation of
Rh-Cu due to positive enthalpy of formation between Rh and Cu [7]. In this
study, I discovered the formation of a solid solution structure in NPs (~2.5 nm)

formed by rapid reduction of the two metal ions in aqueous medium in the
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presence of poly(N-vinyl-2-pyrrolidone) (PVP) as a stabilizer.
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Figure 3.1. Phase diagram of Rh-Cu system in bulk state.

Nakamura et al. demonstrated that dendrimer stabilized RhFe NAs
can hydrogenate nitroarenes and olefins at room temperature and
atmospheric hydrogen pressure [8]. Although the selectivity issue has not
been studied in this case, this report suggests that bimetallic NAs of Rh is
a potential candidate for the selective hydrogenation of nitroaromatics. The
catalytic property of the prepared RhCu NAs has been tested for the

hydrogenation of nitrobenzaldehyde.

3.2 Experimental
3.2.1 Chemicals

Rhodium (IIT) acetate from Mitsuwa Pure Chemical Industries Ltd; Copper
(IT) sulfate (CuSO4) sodium borohydride (NaBH4), PVP (My: 40 kDa) from
Wako Pure Chemical Industries Ltd; were purchased and used without further

purification. Deionized water (18 MQ cm) was used to prepare aqueous

solutions.
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3.2.2 Preparation

Scheme 1 shows the general preparation procedures for RhCu NAs. For the
preparation of a RhsoCusp NA, 0.075 mmol of Rh(OAc); and 0.075 mmol of
CuSO4 were taken in 50 mL of deionized water in presence of 3.0 mmol (in a
monomer unit) of PVP (K30, MW = 40 kDa). Then argon gas was bubbled into
the reaction mixture for 30 min while stirred magnetically. Upon addition of 5
mL of aqueous solution of NaBHy (20 eq. with respect to the metal) to precursor
solution at 25 °C the color of the solution immediately changed into dark black
which indicates the formation of NPs. The reaction system was kept in vigorous
stirring for another 30 min. After 30 min, the colloidal dispersion of the NAs
were collected by passing through a membrane filter having molecular cut-off of
10 kDa to remove any inorganic moieties. The collected dispersion were further
washed with deionized water and dried in lyophilizer. In the similar procedure,
monometallic Rh NPs and the other composition of the RhCu NAs were

prepared.

Scheme 3.1 Preparation scheme for the RhCu NAs.

Rh(OAC), . .

NaBH Ultra-filtration
CuSO, 4 Crude S
PVP 25 °C RhCu:PVP HZO washed
H,O

RhCu:PVP
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3.2.3 Characterization

A. UV-Visible spectroscopy

UV-visible spectra of RhCu:PVP dispersed in water were recorded by

using a spectrophotometer (V-670, JASCO) under ambient condition.
B. Transmission electron microscopy (TEM)

A drop of RhCu:PVP dispersion (~0.4 mM) in ethanol was put on a
hydrophobic film coated TEM grid and the solvent was dried naturally.
Transmission Electron Microscope (HF-2000F, Hitachi) operated at 200 kV was
used to study the morphology and the average size at different magnification

ranging from 100,000-250,000.

C. Powder X-ray diffraction (XRD)

The finely powdered samples were put on a glass holder and slightly
pressed with a glass slide to flatten the samples. Powder X-ray diffraction (XRD)
profiles of the solid samples of RhCu:PVP were measured by using a
diffractometer (Miniflex, Rigaku) with a radiation source of Cu Ka (1.5418 A)

operated at 30 kV and 15 mA.

3.2.4 General Procedure for Catalytic Hydrogenation

Hydrogenation reactions were carried out in a Teflon tube reactor settled
inside a stainless steel autoclave. For a typical reaction, the ethylacetate solution
of nitrobenzaldehyde (0.4 M, 1 mL) was added to the hydrosol (4 mL) of
RhCu:PVP containing 8 pmol of metal atoms. The autoclave were flushed with
H, for 5 times and finally pressurized with 0.1 MPa of H,. The biphasic system
was then vigorously stirred at 25 °C under hydrogen (0.1 MPa). After 2 h, the

organic layer was separated, and the products were analyzed by gas
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chromatography and gas chromatography—mass spectrometry.

3.3 Results and Discussion

Figure 3.2 shows UV-Vis spectra of the RhCu:PVP NAs along with the
pure Rh:PVP NPs. These spectra showed a exponential decay profile toward
longer wavelength, which is typical for metal NPs. The well-known plasmon
peak for Cu NPs around 566 nm was absent [9]. The absence of the plasmon
peak suggests that Cu atoms are homogeneously mixed within the lattice of Rh to
form solid-solution structure rather than forming a separated domain of Cu and

Rh NPs.

== RhsoCusg
— Rh75C Uos
h

Absorbance / a.u

400 600 800 1000
Wavelength/ nm

Figure 3.2. UV-Vis spectra of colloidal dispersion of RhCu NAs and Rh NPs.

Representative TEM images of the RhCu:PVP and Rh:PVP are shown in
Figure 3.3. The average sizes were estimated from measuring the diameters of
more than 200 particles to be 2.5+0.5 and 2.6+0.6 nm for Rh75Cuys and RhsoCuso,
respectively, which were slightly larger than monometallic Rh:PVP. The
structures of these NAs were confirmed Powder XRD patterns (Figure 3.4). The

XRD patterns of Rh75Cu,s and RhsoCusy showed face centered cubic (fcc) single-
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phase type structure. The peak position at 111 planes shifted to higher angle with
increasing Cu content. NAs having Cu content more than 50 % (Rh4oCug) have
a phase-separated structure having an additional phase of Cu,O. The crystalline
sizes estimated from the Scherrer equation were 2.3 nm for both Rh75Cu,s and

RhsoCusg NAs, which are in good agreement with the TEM results.
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Figure 3.3. TEM images of RhCu NAs and Rh NPs.
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Figure 3.4. XRD patterns of RhCu NAs and Rh NPs (left) and
the expanded view around 111 position (right).

The lattice constants of the NAs were calculated from the corresponding
di1: (distances between 111 plane) values according to equation (1) [10].
Vd>=(hP+k>+P)/a ..., (3.1)

d = lattice spacing, a = lattice constant

A = wavelength of radiation (1.542 A)
Table 3.1 summarizes the structural parameters for these NAs. The lattices
constants were found to increase with increasing Rh content and scale linearly
with the composition of the NAs (Figure 3.5) following the Vegard’s law, which
states a liner relationship of lattice constants with the composition for the solid
solution structure [11]. This behavior in the lattice constants reveals that the

structures of Rh75Cuys and RhsoCusg are solid solution.
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Composition drem (nm) dxrp (nm) a/A
Rhj0oCug 2.2 2.0 3.787
Rh75Cuys 2.5 2.3 3.759
RhsoCusg 2.6 2.3 3.726

3.85F
® RhCu
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Lattice constant / A
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20 40
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Rh atom / %

Figure 3.5. Composition dependency on lattice constants of RhCu NAs.

The origin of the formation of solid solution structure in nano-size can be

explained in terms of size dependent solubility according to the previous reports.

It has been reported that the solubility of tin (Sn) in lead (Pb) increases with the

reduction of size [3d, 12]. The surface energy of a small NP is very high as

compared to that in the bulk. This high surface energy increased the overall

chemical potential (Gibbs energy), which can enhance the heterometallic atomic

diffusion [12].

The catalytic performance of RhCu:PVP was tested and compared with Rh

NPs using hydrogenation of 4-nitrobenzaldehyde (1) as a test reaction. The

results of the catalytic tests are summarized in Figure 3.6. In all cases, partially
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reduced species, 4-aminobenzaldehyde (2), and fully reduced species, 4-
aminobenzyl alcohol (3), were obtained as the products. 4-Nitrobenzyl alcohol
was not produced. Conversions of 1 under these mild conditions were nearly
100 %. However, selectivity towards 2 was strongly dependent on the

composition the NAs: RhsoCusp NAs showed the highest selectivity.

CHO RhCu:PVP CHO CH,OH
A ( 2 mole % RhCu) AN
L » I+ [

T 0.1 MPa H,, 298 K, 2 hr T

NO, NH, NH;

1 2 3

100 - —

32 2

= 3
[z 60

2

z 40
S

20
0 0 25 50

Cu atom / %

Figure 3.6. Composition dependency of RhCu on hydrogenation of 4-
nitrobenzaldehyde.

Finally I speculate the possible reason for the high selectivity by RhsoCusy -
which is based on the electronic transfer from Cu to Rh [13]. Such an electronic
transfer can create slight negative charge on Rh and slight positive charge on Cu.
On the other hand NO, group of nitrobenzaldehyde carried an ionic charge
having positively charged nitrogen and negatively charged oxygen. Such a Rh*
Cu®" surface composition is suitable for the preferential adsorption of the NO,

group of the nitroaromatic molecule because of the positive charge on nitrogen
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and negative charge on oxygen of NO, group. Therefore, NO, group is

selectively adsorbed and reduced to NH, group.

3.4 Summary

In summary, I have discovered the solid solution structure of the RhCu
bimetallic alloy in nano-size. The latttice constants value of the the NAs follow
the Vegars's law which clearly reavealed that the structures are solid solution.
These NAs acted as active catalyst for the hydrogenation of nitrobenzaldehyde

under mild conditions (298 K and 0.1 MPa of H,).
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4.1 Introduction

Aniline derivatives are key precursors for pharmaceuticals, pesticides,
dyes, and pigments [1]. Conventionally, these derivatives are synthesized by the
catalytic hydrogenation of the corresponding nitroaromatics using NPs (NPs) of
transition metals such as Pt, Pd, Rh, or Ru [2]. However, when the reactant
contains other reducible groups, selectivity to obtain the desired aniline
derivative is not satisfactorily high. It has been demonstrated that the selectivity
of hydrogenation by mono- (Au, Ni, Ag, Ru, Pt, Ni) [3] or bi-metallic (Au-Ni) [4]
NPs can be improved by employing specific metal oxide supports. The origin of
the selectivity was ascribed to the selective adsorption of nitro group on the
support. However, these catalysts usually require harsh conditions (323-430 K;
0.5-3MPa of Hy) leaving a room for further improvement.

Selective hydrogenation under milder conditions (273 K; 0.1 MPa of H»)
was reported using Ir NPs on a hydrous zirconia support [5]. Chloride-stabilized
Ir NPs also hydrogenate acetone [6] and benzene [7] under mild conditions.
These reports suggest that Ir is a potential candidate for active and selective
hydrogenation catalysts of nitroaromatics. To test this hypothesis, I compared the
catalytic performances of Ir NPs with those of NPs of other transition metals (Pd,
Pt, Rh, and Au) for the hydrogenation of nitroaromatics containing —CHO,
>C=0, —CN, and —Cl groups. For comparison purpose, all the NPs were
stabilized by poly(N-vinyl-2-pyrrolidone) (PVP) and the average size was nearly
constant (~2 nm). I found that Ir:PVP NPs vyielded the best catalytic

performance.

4.2 Experimental

47



Chapter 4

4.2.1 Chemicals

Hexachloroiridic acid (H,IrCls-6H,0), Palladium (II) chloride (PdCly),
hexachloplatinic acid (H,PtCls-6H,0), tetrachloroaurate (HAuCls.4H,0),
poly(N-vinylpyrrollidine) (PVP) (M,: 40 kDa), sodium borohydride (NaBH,),
from Wako Pure Chemical Industries Ltd; Rhodium (IIT) acetate from Mitsuwa
Pure Chemical Industries Ltd and Hj gas (99.99 % purity) were purchased and
used without further purification. Deionized water (18 MQ cm) was used to

prepare aqueous solutions.

4.2.2 Preparation

Ir:PVP was prepared the ethylene glycol (EG) reduction method: 0.1 mmol
of H,IrCls and 2.0 mmol (in a monomer unit) of PVP (K30, MW = 40 kDa) were
dissolved in 40 mL of EG. The pH of the solution was adjusted to be close to 5
by adding HCI, and the mixture was then stirred at room temperature for the
complete dissolution of the precursor and PVP. The mixture was then stirred at
160 °C for 3 h under an argon atmosphere. During stirring, the solution gradually
turned dark brown. After the dispersion was cooled to room temperature, 120 mL
of water was added to lower the viscosity. The NPs were collected by passing the
dispersion through a membrane filter with a cut-off molecular weight of 10 kDa.

Pt:PVP was also prepared by the EG reduction method. In this case, 0.3
mmol of H,PtClg, 6.0 mmol (in a monomer unit) of PVP (K30, MW = 40 kDa)
and 40mmol of NaOH were dissolved in 40 mL of EG. The mixture was stirred
at room temperature for the complete dissolution of the precursor and PVP and
then stirred at 140 °C for 3 h. The solution gradually turned dark black. After the

dispersion was cooled to room temperature, 120 mL of water was added to lower
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the viscosity. The NPs were collected by passing the dispersion through a
membrane filter with a cut-off molecular weight of 10 kDa.

Au:PVP, Pd:PVP and Rh:PVP were prepared respectively from HAuCly,
PdCl,, and RhCl; by NaBH4 reduction. To begin, 0.1 mmol of the precursors of
each metal and 2.0 mmol (in a monomer unit) of PVP (K30, MW = 40 kDa)
were dissolved in 40 ml of water, and 5 mL aqueous solution of NaBH, (10 eq.
with respect to the metal) was then added to each precursor solution at 25 °C.
The reaction mixtures were stirred vigorously for 30 min. The NPs were
collected by passing the mixtures through a membrane filter with a cut-off

molecular weight of 10 kDa.

4.2.3 Characterization

A. Transmission electron microscopy (TEM)

A drop of Ir:PVP dispersion (~0.4 mM) in ethanol was put on a
hydrophobic film coated TEM grid and the solvent was dried naturally.
Transmission Electron Microscope (JEM-2100F, JEOL) operated at 200 kV was
used to study the morphology and the average size at different magnification

ranging from 100,000-250,000.
B. Powder X-ray diffraction (XRD)

The finely powdered samples were put on a glass holder and slightly
pressed with a glass slide to flatten the samples. Powder X-ray diffraction (XRD)
profiles of the solid samples of M:PVP were measured by using a diffractometer
(Miniflex, Rigaku) with a radiation source of Cu Ka (1.5418 A) operated at 30

kV and 15 mA.

C. X-ray photoelectron spectroscopy (XPS)
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The powdered Ir:PVP sample was dried in a lyophilizer (FDU-2200,
Eyela) for 24 h and placed on the sample holder with a carbon conductive tape.
The XP spectra were taken by using a spectrometer (PHI 5000 VersaProbe,
ULVAC-PHI) with an energy resolution of 0.5 eV. The spectrum was calibrated
using the C 1s peaks of PVP as internal standards. The XP spectra were fitted, by
assuming 4 component of Gaussian peak. The peak positions were assigned
keeping the similar differences in the binding energy in bulk phase.

D. X-ray absorption fine structure (XAFS)

Ir Ly edge XAFS measurements were carried out at BLO1B1 beam line at
the SPring-8 facility of the Japan Synchrotron Radiation Research Institute
(proposal no. 2012B1074). An Si(311) two-crystal monochromator was used for
the incident beam. All spectra were recorded in transmission mode, and ion
chambers were used for the Iy and 7 detectors. The Ir:PVP solutions were placed
between the ion chambers. Energy calibration was carried out using a Cu foil.
Data analysis was carried out using the program REX2000 Ver.2.5.9 (Rigaku
Co.). The EXAFS data were analyzed as follows. The y spectra were extracted
by removing the atomic absorption background using a cubic spline and were
normalized to the edge height. The k’-weighted y spectra were Fourier
transformed into the r space, using the Fourier transformation range 3.0-15 A"
Curve fitting analysis was performed for the Ir-Ir bond. The curve fitting range
was 2.1-3.1 A. The passive electron factor (So°) of 1 was used in this study. The
phase and amplitude function of Ir-Ir bond were extracted from Ir metal (Space
group: Fm3m, #ICSD: 41524) by calculation using FEFF8 [8]. The curve fitting

results were summarized in Table S1.

4.2.4 General Procedure for Catalytic Hydrogenation
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Hydrogenation reactions were carried out in a Teflon tube reactor settled
inside a stainless steel autoclave. For a typical reaction, the ethylacetate solution
of nitroaromatics (0.4 M, 1 mL) was added to the hydrosol (4 mL) of M:PVP (M
= Ir, Pd, Pt, Rh, Au) containing 8 umol of metal atoms. The biphasic system was
then vigorously stirred at 25 °C under hydrogen (0.1 MPa). After 2 h, the organic
layer was separated, and the products were analyzed by gas chromatography and

gas chromatography—mass spectrometry.

4.3 Results and Discussion

Figure 4.1 shows representative TEM images of the M:PVP samples. The
NPs in all samples were found to be monodisperse, and the average sizes of
M:PVP were in the range of 1.6- 2.2 nm, from measuring the diameters of more
than 200 particles. Powder XRD patterns revealed that all NPs have a face-
centered cubic (fcc) crystal structure (Figure 4.2). The crystalline sizes were
estimated from the Scherrer equation shown in Table 1, which are in good

agreement with the TEM results.
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Figure 4.1. TEM images and size distribution of M:PVP.
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Figure 4.2. (a) XRD patterns of Fe,Cogo.x NAs and (b) its expanded view at

011 position.

Table 4.1. Diameters of M:PVP NPs determined by TEM and XRD

analyses.
MPVP Diameter
drem (nm) dxrp (nm)
Ir 2.2 2.1
Pd 2.1 1.6
Pt 1.9 1.8
Rh 2.2 2.0
Au 1.6 1.5

The catalytic performance of M:PVP (M=Ir, Pd, Pt, Rh, Au) was first
compared using hydrogenation of 4-nitrobenzaldehyde (1) as a test reaction. The
results of the catalytic tests are summarized in Figure 3. In all cases, partially
reduced species, 4-aminobenzaldehyde (2), and fully reduced species, 4-
aminobenzyl alcohol (3), were obtained as the products. 4-Nitrobenzyl alcohol

was not produced. Conversions of 1 under these mild conditions were nearly
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100 % for all the catalysts except Au:PVP. However, selectivity towards 2 was
strongly dependent on the metal: Ir NPs showed the highest selectivity. The
substrate scope for Ir:PVP was investigated for the hydrogenation of
nitroaromatics containing >C=0, —CN and —CI functional groups. All the
nitroaromatics were reduced very efficiently and selectively to the corresponding

aniline compound, while the other functional groups remained intact (Table 2.2).

CHO CHO CHzOH
|/.»:\\& M:PVP ( 2 mole % M)

| >
2 -

7 ) + k(J
0.1 MPa H,, 298 K, 2 hr NH

/ \

2 NHZ
1 2
100 \
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\
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~ \
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‘» \
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i
0 -_—

Ir Pd Pt Rh  Au

Figure 4.3. Catalytic hydrogenation of 4-nitrobenzaldehyde by PVP-
stabilized metal NPs.
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Table 4.2. Catalytic hydrogenation of nitroaromatics by Ir:PVP.

Entry Substrate Conv. % Product Select. %

OHCONHQ 99

HOH,C

1 OHCONOZ 99
NH, 1

2 HSCOC@NOZ 100 Hscoca<j>—m-|2 100
3 NCONOZ 95 NC@NHZ 100

NH, 99
4 C.O_N% 100

)

Cl

s

-

NH, 1

To reveal the origin of the high selectivity of Ir:PVP, time courses of the
reactions were studied for Ir:PVP and Pt:PVP (Figure 4.4). In the case of Ir:PVP,
selectivity to the fully reduced product 3 did not evolve even after 1 was
completely converted to 2. In contrast, selectivity to 3 by Pt:PVP gradually
increased as the reaction time lengthened. This suggests that selectivity to 2 by
Ir:PVP(B) is not determined kinetically, but by a low reducing ability of Ir:PVP

toward 2.
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Figure 4.4. Time course of the hydrogenation of 4-nitrobenzaldehyde by the
(a) Ir:PVP and (b) Pt:PVP NPs.

Then, more detail structural characterization for Ir:PVP were carried out by
XAFS measurement and XP to reveal the origin of the high selectivity of Ir:PVP.
Figure 4.5 shows the Fourier-transformed EXAFS spectra of Ir:PVP along with
IrO;, and bulk Ir and corresponding EXAFS oscillation spectrum. The peaks in
the 1.45-1.85 and 2.23-2.95A ranges were assigned to the Ir-O and Ir-Ir shells,

respectively. The average coordination number (CN) of Ir-Ir is 9.8. The CN
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values are consistent with those estimated assuming a cuboctahedral morphology

9.63 for II‘309 (~22 nm).

(a)
Ir bulk
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/] 1 1 1 1}
3 6 9 12 15
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Figure 4.5. (a) Fourier transformed EXAFS spectra of Ir bulk, Ir:PVP, and
IrO; and (b) Corresponding EXAFS oscillation.

Figure 4.6 shows the XP spectrum of Ir:PVP around the Ir 4f region. The
XP spectra were analyzed by the least-square method assuming four bands with

Gaussian profiles for 4f7,, and 4fs/; bands of Ir(0) and IrO,. The binding energies

58



Chapter 4

of Ir 4f;, and 4fs, peaks were obtained to be 59.7-59.8 and 62.7-62.8 eV,
respectively, which are slightly smaller than the corresponding values of the bulk
(60.8 and 63.8 V) [9]. This can be attributed to electron donation from the PVP,
which makes the NPs slightly negatively charged as in the case of Au:PVP [10]
and Pt:PVP [11]. In addition, peaks assignable to IrO, were detected at 60.7-60.8
and 64.5 eV for 417, and 4fs),, respectively, which are also slightly smaller than
the corresponding bulk values [5, 12]. The relative population of IrO, component

is 11 %.

Ir 4f;,, Ir 4f,,,

bulk

IrO, 4f;;,

Intensity / a.u

66 64 62 60 58
Binding Energy / eV

Figure 4.6. XP spectra of Ir:PVP. The experimental data (dotted points) and

deconvoluted spectra (black curves) are offset for clarity.

To understand the structure of the partially oxidized Ir NPs I calculated the
population of surface atoms for a 2.2 nm NPs assuming cuboctahedral model.
According this model, ~57 % atoms are surface atoms. In order to form an oxide
shell metal core type structure, nearly 57 % Ir atoms should be oxidized. But

only 11 % Ir atoms were found to be oxidized from XP analysis. Therefore,
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finally I conclude that small domain of IrO; is randomly located on the surface of

the iridium (IrO,/Ir) as shown in Figure 4.7.
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Figure 4.7. (a) Surface atoms ratio as function of size for cuboctahedral

model. (b) Proposed the structure of Ir NPs.

Based on the partially oxidized IrO./Ir structure I proposed the possible

reaction mechanism in Figure 4.8. According to the previous reports [3],

selective reduction of nitroaromatics into the corresponding aniline derivatives

was ascribed to the preferential adsorption of the nitroaromatics on the metal

oxide support via the NO, group. In the framework of this model, I can speculate
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that nitroaromatic molecules are preferentially adsorbed onto the IrO, site
through the NO, group. On the other hand, atomic hydrogens are possibly
formed on the Ir NP surface by dissociation of H, according to recent
observations of hydrogen storage by Ir NPs [13]. Thus, the efficient and selective
hydrogenation by Ir:PVP can be ascribed to both preferential adsorption of the
NO; group onto the oxidized area and activation of the hydrogen on the non-
oxidized area. Ir NPs whose surfaces are partially oxidized can be viewed as an
inverse system of conventional supported metal catalyst [3,14]. The unique
feature of such an inverse system is that the interfacial area between the metal
NPs and metal oxide support can be enhanced. A similar idea was recently
demonstrated by Mitsudome et al. for a nanocomposite comprising an Ag NP

core and a shell of CeO, NPs [15].
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Figure 4.8. Proposed reaction mechanism in previous literature (a) and in

this work (b).

A technical problem in the application of colloidal NPs for catalysis is the

recovery of NPs for reuse. The aqueous—organic biphasic system employed here

is suitable for easy recovery of the catalyst, and the reusability of Ir:PVP was

tested for up to 3 cycles of hydrogenation of 1. The catalysts were collected by

separating the aqueous layer from the reaction mixture so that they could be used

in the next run. The catalytic performance of the third run was comparable to that

of the first run (Figure 4.9), suggesting that colloidal Ir:PVP dispersed in water

can be reused without the loss of catalytic performance. The size of the Ir
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catalyst after reuse was measured by TEM, which revealed that the particle size
and distribution did not change appreciably from those of the original NPs

(Figure 4.10).

CHO CHO CH,0OH
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Figure 4.9. Catalytic hydrogenation of 4-nitrobenzylaldehyde as a function
of the number of reuse cycles by Ir:PVP.
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Figure 4.10. TEM images of Ir:PVP (a) before and (b) after catalytic
hydrogenation of 4-nitrobenzylaldehyde.

4.4 Summary

In summary, I have demonstrated the hydrogenation of nitroaromatics by
colloidal Ir:PVP NPs under mild conditions (298 K and 0.1 MPa of H;) and
obtained aniline derivatives with >C=0, —-CHO, —CN, and —Cl functional groups
from the corresponding nitroaromatics. Ir:PVP showed a higher selectivity than

the other metal NPs stabilized by PVP due to presence of a partially oxidized

area on the Ir NPs.
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Chapter 5

Concluding Remarks
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Other than size and shape and composition, mixing mode are important
structural parameters to control the novel properties of binary NPs. In this work,
structure regulated novel binary NPs were prepared and their magnetic and
catalytic properties investigated.

Several difficulties arise in preparing FeCo NAs to poor controllability of
structure parameters such as inhomogeneous mixing, poor crystallinity and
oxidation. In chapter 2, I demonstrated that these difficulties in preparation of
FeCo NAs were overcome by using hydrogenation reduction method of PEG
stabilized phase-separated FeCo oxide composite. Here, the hydrogen played a
dual role: (1) as a reducing agent to reduce the oxide phase to metallic phase; (2)
promotion of atomic diffusion for homogeneous mixing. The homogenous
mixing promoted formation of a highly crystalline structure of periodic lattice
fringe. The FeCo NAs were oxidation resistant due to formation of carbon layer
on the surface by the burning of the PEG. The homogeneous mixing, high
crystallinity and stability against oxidation reflected in the magnetic properties of
FeCo NAs. The homogenous mixing and good crystallinity enhance the
electronic interaction between Fe and Co. Therefore, high saturation
magnetization was observed in Fe;0Cosy NA, which is comparable to bulk
Fe70Cosp alloy.

In conclusion, hydrogen reduction method is useful for preparing
homogeneously mixed NAs even from a phase-separated structure and

minimizing the sintering of NPs.
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Scheme 5.1 Role of hydrogen to prepare solid solution alloy.

&g
Hydrogen »
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Solid solution alloys may exhibit new properties through the modification
of the electronic structures. Limited numbers of solid solution structures have
been reported according to phase diagram in bulk state. Thus, new solid solution
structures are required in order to explore new properties. Phase diagram in bulk
state does not predict the formation of solid solution structure of RhCu. In
chapter 3, I demonstrated the preparation of solid solution RhCu NAs by a co-
reduction of two metal ions in presence of PVP. The lattice constants of these
NAs clearly revealed that structures were solid solution. It can be conclude that
the solid solubility of two immiscible metal can be increased drastically in nano-
size.

These NAs acted as active and selective catalyst for the hydrogenation of
4-nitrobenzaldehyde under 0.1 MPa of H, at 298 K. However, one of the
fundamental issues still remains: the origin of high selectivity. I speculated that
polarized Rh>Cu®" surface is the possible reason for high selectivity. This work
is expandable to this end by the controlling of surface composition. An ordered

structure is featured by a fixed surface composition. Therefore, I envision the

development of ordered structure of the RhCu.
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Figure 5.1 Possible ordered structure of RhCu

Although bulk Ir is oxidation resistant, I found that Ir NPs are slightly
oxidized. Detailed structural analysis revealed that small IrO, domains are
randomly located on the surface of Ir NPs. Among the different transition metal
(Ir, Pd, Pt, Rh, Au) NPs protected by PVP (M:PVP) of ~2 nm size, Ir:PVP
showed the best selectivity at high conversion under 0.1 MPa of H, at 298 K.
Then, I deliberated to find out the origin of selectivity. Previous literature
suggested that selective hydrogenation occurs through a cooperative effect
between metal NPs and oxide support at the interfacial area of NPs and support.
Similar cooperative effect occurs in IrO,/Ir giving a selective reduction of NO,
group where NO, group is selectively adsorbed on IrO, phase and molecular
hydrogen dissociates on Ir (0) phase. This partially oxidized Ir NPs (oxide/metal)
can be classified as an inverse system of conventional catalyst system
(metal/oxide). As the size of Ir NP is very small of 2.2 nm, the interfacial area
between oxide phase and metallic phase is greatly enhanced.

This oxide/metal structure of Ir NPs inspire me to design an oxide/metal
structure at controlled composition for other high active metal like Pd, Pt. It can
be expect that the extension of this idea to other metal will open a new window

in the field of catalysis.
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Figure 5.2 (a) Large interfacial area in new type of catalyst (oxide/metal),

(b) small interfacial area in conventional catalyst metal/oxide).
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