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Chapter 1

General Introduction



1.1. Development of catalyst concerning the sustainable society

1.1.1. Heterogeneous catalyst

The catalyst is a substance which can make the activation energy lower, promote the
reaction rate, and create the new reaction path. The catalyst has been investigated and it has

contributed to the development of society, industry, and academic field [1].

The catalyst is classified roughly into the homogeneous catalyst and heterogeneous
catalyst. When the phases of a catalyst and a reactant are the same, the catalyst is called as a
homogeneous catalyst. On the other hand, if the phases are different it is called as a heterogeneous
catalyst. In many cases of homogeneous catalysts, both the catalyst and reactant are liquid phase,

and those of heterogeneous catalyst, the catalyst is solid state and reactant is liquid or gas phase

[1].

There are some advantages and disadvantages regarding those two types of the catalysts.
The homogeneous catalyst is favorable in terms of activity and selectivity compared to the
heterogeneous catalyst. In particular, the selectivity of homogeneous catalyst is excellent and the
homogeneous catalyst is expected to play an important role for the production of fine chemicals,
pharmaceutical products, and functional polymer. However, the homogeneous catalyst has a

disadvantage as well, and the separation of the catalyst and reactant is complicated.

On the other hand, the heterogeneous catalysts can be easily separated from reactant by
simple ways such as the centrifugation and filtration. The heterogeneous catalyst is desirable
because of the reusability concerning the achievement of sustainable society. The development of
the heterogeneous catalyst possessing high activity and selectivity is an ideal approach in modern

society where the environmentally friendly development is one of the most important keywords.

As heterogeneous catalysis have evolved, it has become more apparent that it has a large
part to play in green chemistry and thus removing or substantially reducing pollution and
undesirable by-products from both the chemical and refining processes [2-4]. In the other words,

the by-products of heterogeneous catalyst reactions would not end up with harmful emissions and



nasty waste materials that are dangerous and detrimental to the ecosystems and the environment

[3].

1.1.2. Precious metal substituting catalyst

Until today, many kinds of heterogeneous precious metal catalysts have been developed
as a useful catalyst. The precious metal catalysts are prepared by using the precious metal such as
Ru [5-7], Rh [8-10], Pd [11-13], Pt [14-16], Au [17-19], and so on. The precious metal catalysts
show the high catalytic activity and good corrosion resistance, and these catalysts showed great
performance for the hydrogenation of arenes [6,8,14] and alkynes [13,18], the CO methanation
[7], the hydroformylation of butane [10], the Suzuki-Miyaura coupling reaction [11], the
oxidation of formaldehyde [15], the CO oxidation [17], and so on. In addition, they have good
reusability, and they are useful as a heterogeneous catalyst utilizing its advantage which

homogeneous catalysts do not have.

However, the abundance of the precious metal is not much (Fig. 1.1 [20]), and there is
a concern about the resource shortage. Hence, the development of precious metal substituting
catalyst using the base metal such as Mn, Fe, Co, Ni, Cu, and so on is strongly desired in terms

of the sustainable society.
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Fig. 1.1. Abundance (expressed as atoms of element per 106 atoms of Si) of the chemical elements
in Earth’s upper continental crust as a function of atomic number. Many of the elements are
classified into the following (partially overlapping) categories: (1) rock-forming elements (major
elements in green field and minor elements in light green field); (2) rare earth elements
(lanthanides, La-Lu, and Y; labeled in blue); (3) major industrial metals (global production >B3
107 kg per year; labeled in bold); (4) precious metals (italic); and (5) the nine rarest “metals”-the
six platinum group elements plus Au, Re, and Te (a metalloid). Reproduced with permission from
U.S. Geological Survey, Department of the Interior. Fig. 1.1 is adapted from ref. [20] Accessed
from website http://pubs.usgs.gov/fs/2002/fs087-02/



1.1.3. Nickel catalyst

In this work, nickel was focused on as an active species. Nickel, the first row transition
metal, is more abundant compared to the precious metals as shown in Fig. 1.1. Besides, nickel is
expected to be used as a catalytic material, and nickel is one of the candidates for the objective,

the achievement of sustainable society.

The representative nickel catalyst, Raney nickel, and the other various types of nickel
metal catalysts show catalytic activity to various reactions such as the hydrogenation of alkenes,
nitroarenes, and aromatic compounds [21-30] (e.g. Raney Ni [21-23], Ni/ACox [25], Ni/clay [30]),
the CO- dry reforming of methane [31-40] (e.g. Ni/SiO; [31], Ni/y-Al>Os [32], Ni/SBA-15 [33]),
the steam reforming of ethanol [41-50] (e.g. Ni/AlOs[41], Ni/SiO; [42], Ni/CeO; [43]), and the
glycerol steam reforming [51-60] (e.g. Ni/CeO; [51], Ni/ZrO, [52], Nily-Al,Os [53,55,56]). As

mentioned above, nickel metal catalysts are used and investigated in the various fields.

On the other hand, oxidized nickel such as NiO and Ni(OH); are used mainly for the
electrode catalysts or semiconductor [61-70]. NiO is used as a catalyst also for the CO oxidation
[71], dehydrogenation of ethane and toluene [72,73]. However, CO oxidation and
dehydrogenation of ethane are the reaction using light gas molecular as a reactant, and the
oxidation of toluene needs the high temperature (772 K). These facts means that there are much
less research report which the oxidized nickel is an active species for the organic reactions in the

fine chemicals field compared to the nickel metal catalysts.

Some research reported that the oxidized nickel (NiO, and Ni(OH)) showed activity to
the oxidation of alcohols which is one of the fine chemical reactions, however S/C ratio is 0.31
and 0.30, respectively, and the excess amount of nickel was used for the reaction [74,75]. Besides,
the composite material, Ni-incorporated hydrotalcite, was utilized for the oxidation of alcohols
[76,77], TON is still 1.6 and 0.7, respectively. There is the room to improve the catalytic activity
of the oxidized nickel catalyst, and research on these catalyst is still insufficient. Therefore,
application of and research on the oxidized nickel catalysts for the oxidation of alcohols are the

crucial issue in terms of the expansion of new application and of the elementary strategy.

In many cases, nickel is used for the hydrogenation reaction or steam reforming reaction,



and it is not general to be used for the oxidation of aromatic compounds. However, we have
already found that SiO> supported NiO catalyst is active to the oxidative coupling of thiophenol.
Considering from that result, NiO catalyst is expected to be active to another oxidative reaction
such as oxidation of alcohols. Regarding the expansion of science of the nickel catalyst, the

oxidation of alcohols was focused on in this work.

1.2. Oxidation of alcohols

The aerobic oxidation of alcohols to their corresponding aldehydes or ketones is one of
most important processes in industry and academia [78-80]. Aldehydes and ketones produced
from the oxidation reactions are applied as an intermediate of medical drugs, agricultural

chemicals or aroma chemicals [81,82].

Traditional methods to accomplish this transformation rely on the stoichiometric amount
of metallic or organic oxides, which are expensive, toxic and tend to generate large amounts of
hazardous waste [83]. To overcome these inherent problems, significant efforts have been devoted
to developing catalytic oxidation alternatives using molecular oxygen as the terminal oxidant
during the past decade [78,84,85]. On the other hand, various catalysts having the activity to the
oxidation of alcohols using molecular oxygen as an oxidant have been developed, however some
of them need the external base such as NaOH, K,COs3, Cs2COs, or KOH [86-89]. These additives
and conditions will cause the problem of complicated purification and pollution. Thus,
considering the aerobic oxidation of alcohols, a clean catalytic process, where ambient molecular
oxygen is used as an oxidant instead of high-pressured oxygen or TBHP which are more harmful

and the addition of external bases is not needed, is desired in terms of green chemistry.

Heterogeneous nickel-based catalysts have been prepared for the aerobic oxidation of
alcohols using molecular oxygen as an oxidant without any base additives [74-77] as mentioned
in section 1.1.3. However, excess amount of nickel to substrate was used (Substrate/Catalystni
mol ratio (S/C ratio) = 3.1 [74], 0.45 [75], 0.31 [76], 0.30 [77) for the catalysis and there is the
room to improve the catalytic efficiency (TON = 1.6 [74], 0.45[75], 0.30 [76], 0.24 [77]). Highly

functional heterogeneous nickel catalyst needs to be prepared to improve the activity and



efficiency, and the application of nanocluster and support is expected to be a way of the high-

functionalization.

1.3. Approach for the highly functional nickel catalyst

1.3.1. Application of nanocluster

The conventional nickel-based catalysts mentioned in previous section are bulk catalysts,
and the application of nanocluster are expected to be a useful way to improve the catalytic

performance due to its nanosized effect as well as high specific surface area.

The atom aggregate which is composed of at most a few hundred atoms is called as the
nanocluster. The property of nanocluster is definitely different from that of the bulk. The
nanocluster shows a unique engineering, magnetic, mechanic, and chemical property [90]. These
properties originate from the increase of the number of surface atoms, and the nanocluster is
applied in the wide range of fields such as the field of engineering and medical science. In addition,
because the number of surface atoms depends on the cluster size, the fundamental research on the

microminiaturization has been conducted actively [91-96].

The nanocluster is gathering much attention as a unique catalyst material due to the
nanosized effect as well as its high atom efficiency, and hence, they are investigated also in the
field of catalyst chemistry. Since the development of the active gold nanocluster by Haruta et al.
[97], research on nanocluster catalysis has become more popular. The fact that they were able to
apply Au to the catalytic reaction was a big impact because Au has been regarded as an inactive
element as a catalyst. Furthermore, this Haruta’s success implied that other elements also can have

a potential to show the catalytic activity.

We also have investigated nanocluster catalysts using nickel as an active species. We
have found the appearance of catalytic activity caused from nanoclusterization and the

dependency on cluster size for WGSR [98,99] and oxidative coupling of thiophenol [100,101].



Effects of nickel oxide on activity have been reported [102,103]. The nanoclusterization,
an increase of the coordination unsaturated sites, enables the localization of electron density on
the unsaturated Ni-O site [102], resulting in the high Lewis acidity of the Ni atom, facilitating the
cleavage of O-H bond of alcohols, and promoting the elimination of o-hydride (H") of alcohols
[103]. Thus, the nickel oxide nanocluster is expected to be active to the oxidation of alcohols as
illustrated in Scheme 1.1. This electronic localization does not occur on Ni metal between two
atoms in a metal in contrast to NiO. Also in terms of this fact, it is considerably interesting to

research on NiO catalysis.

R R

o—H 0 H
OH  NiO cat. (j/L - ©/i?:' . ‘ .
e o lo- o N ——
NI=O AN -

Scheme 1.1. Mechanism for the oxidation of alcohols by nano-sized nickel oxide.

1.3.2. Application of support

We also focused on the application of support as the way to prepare the high-
performance catalyst. Heterogeneous catalysts have been investigated actively in terms of the
achievement of sustainable society as mentioned in section 1.1.1. Herein, the support can role
some important roles for the heterogeneous catalysts. For instance, support such as metal oxides,
carbon, and zeolite is often used as a foundation to prepare the heterogeneous catalyst [104-109].
Catalysts generate the profit for various production fields such as pesticides [110], polymers
[111,112], antibiotics [113,114], cosmetics [115], cleaning products [116] and so on. Catalysts
utilized frequently in the industrial field is heterogeneous catalysts which metals as an active
species is fixed on support. Until today, various kinds of supported catalysts have been developed

aiming at the achievement of high activity and selectivity.

Catalysis is affected by the catalyst structure including surface atomic arrangement and
coordination, which can be controlled by regulating the composition, morphology and size of

active species [114-117]. Regarding the supported catalysts, catalytically active species is fixed



on a support possessing large surface area such as silica, alumina, zeolite and so on. Support is
utilized to stabilize high dispersion of active species such as noble metal nanoparticles and to

prevent from sintering.

To heterogenize homogeneous catalysts by using support is often desired in the field of
industrial chemical engineering [118]. For easier separation of a catalyst from the fluid products
and reactants, the heterogeneous catalysts are desired. Also, utilizing heterogeneous catalysts
enable packing catalysts inside a reactor in the production process of chemicals. In addition, to
avoid the aggregation of active species, particularly nano-sized particles, is one of the most
important reasons to utilize a support material [3,119]. However, week interaction between the
nano-sized active species and support surface still causes the aggregation [120]. Strongly
attaching the nano-sized active species to the support surface as a heterogeneous catalyst results
in the creation of defect sites on the surface or functional group bonding to the surface, which can
make catalysts to be more active [121-123]. Based on the above idea, researchers have studied on

many kinds of support materials such as silica, carbon, zeolite and so on [124].

Regarding the nickel catalysts, research on the structural analysis and catalysis of SiO;
[100,101,125], Al.05[98,99,126], or MgO [127-129] supported nickel catalysts has been reported.
Mesoporous support was also used as a support for the nickel catalyst [130-132]. It was reported
that mesoporous alumina possessing the three dimensional mesoporous structure can prevent the
aggregation of nickel particles, resulting in the high dispersion and activity. In other words, the
fixing onto the support can facilitate the synthesis of nanocluster, resulting in the high-

performance catalyst.

Besides the stabilization and dispersion of the active species, another effect is expect to
contribute to the high-performance catalysts. Catalyst supports can promote a catalytic reaction
and/or result in the new active site as an interfacial structure as well as stabilize the active species
on its surface. Haruta et al. reported that the reason why the Au nanocluster catalyst showed the
activity to CO oxidation even at 203 K was that the interfacial structure between Au nanocluster
and support was able to activate molecular oxygen. They also described that the reaction rate of

CO oxidation was in proportion to the length of perimeter [17].

As mentioned above, the effective contribution of interfacial structure between the

active species and support to the catalytic reactions is essential factor to design a highly active



catalyst. The utilizing nanocluster can enhance that contribution due to the increase of interfacial
area as well as cause its unique surface property since the unsaturated site. The understanding the
interfacial structure and mechanism is also crucial issue to design the high-performance catalysts.
The expansion of new guideline of the catalyst design can result from the understanding a role of

the interfacial structure between active species and support.

1.4. Characterization of catalyst

Various techniques are used to characterize the catalyst structure in order to clarify the
correlation between catalyst structure and catalytic activity, or the origin of catalysis including
the interfacial structure. Clarifying the origin of catalysis can lead to the expansion of guideline
of catalyst design. We particularly focused on the application of X-ray absorption fine structure
(XAFS) as a means of the characterization of catalyst. The feature of the XAFS was described

below [133];

The structure of the nanocluster catalyst which does not have a long-range ordered
structure cannot be examined by X-ray diffraction measurement. However, the characterization

via XAFS does not need the long-range ordered structure of the nanocluster catalysts.

Regarding XAFS, X-ray used to excite the inner shell electron is measured as an
absorption coefficient. When the absorption coefficients of materials are measured changing the
X-ray energy, a sudden increase of absorption can be detected at a certain level of energy, known

as the absorption edge.

The spectrum on near region of the absorption edge is called as X-ray absorption near
edge structure (XANES). The XANES shape is sensitive to the number of atoms bonding to the

target element, symmetry, type of ligand or element, and valence state.

The extended X-ray absorption fine structure (EXAFS) appears as periodic changes of
absorption on the high-energy side of the absorption edge. The periodic changes can be explained
as the interference of the electron waves. The electron wave released from the X-ray absorbing

atom is scattered by the surrounding atoms, returns to the X-ray absorbing atom and interferes

10



with the original electron waves. The EXAFS noted as a new structure analyzing method leads us
to useful information about structural parameters such as coordination number, interatomic
distance, and symmetry around the atom. The XAFS is one of the most promising techniques for

the structural analysis of highly dispersed metal species in catalyst.

As mentioned above, the interface structure between the active species and support can
contribute to the appearance of catalytic activity. Therefore, the interfacial structure is one of the
key factors and its characterization is a crucial topic. In this work, the interfacial structure and its
mechanism against the catalysis as well as the surface chemical species and support was

characterized by utilizing XAFS and the other characterization techniques.

11



Chapter 2

General Experimental
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2.1. Materials

Nickel nitrate hexahydrate (Ni(NOs)2-6H20), ammonia aqueous solution (28.0-30.0%),
activated carbon (powder, neutral), sodium silicate (Sodium oxide (Na;O) 17.0-23.0%, silicon
dioxide (SiO,) 51.0-61.0%, molar ratio (SiO2/Na;O) 2.00-3.50), nickel chloride (anhydrate),
hydrochloric acid, Polyvinylpyrrolidone (PVP, K30), Hydrotalcite (HT), Magnesium oxide
(MgO), benzyl alcohol, 1-phenylethanol, biphenyl, Tetrahydrofuran (THF, super dehydrated,
stabilizer free), t-Butanol (t-BuOH), Sodium borohydride (NaBH,), toluene, and p-xylene were
purchased from FUJIFILM Wako Pure Chemical Co., Ltd. Nickel acetylacetonate dihydrate was
purchased from Kanto Chemical Co., Inc. Silica (SiO2; Aerosil#200) and alumina (Al,O3; Al,Os-
C) were provided from Nippon Aerosil Co., Ltd.

2.2. Catalyst preparation

In this work, two catalyst preparation methods, impregnation method and liquid phase

reduction method, were utilized to prepare the supported nickel oxide nanocluster catalysts.

Impregnation is one of the most common methods. In this method, active species can
be fixed on the support surface by dry and calcination after catalyst component is impregnated on
the support powder. The kind of active species and cluster size of nickel oxide was controlled by

using different nickel precursor and calcination at different temperature in this work.

Liquid phase reduction method is known as one of the methods to prepare a nanocluster
catalyst [134], and nano-colloid is used as a precursor. Reduction of nickel salt or complex in
solvent with a stabilizer such as alkoxide, polymer, or surfactant can produce the size-regulated
nickel nano-colloid. Supported nickel oxide nanocluster catalyst is obtained by fixing nickel

nano-colloid on the support followed by the oxidation in air at room temperature.

13



2.3. Characterization of catalysts

XAFS, TEM, XPS, and in-situ XRD were carried out to characterize the prepared

catalysts.

Ni K-edge XAFS (X-ray absorption fine structure) data were collected at BL-9C of
KEK-PF (Proposal No. 2014G575 and 2016G069) with Si(111) double crystal monochromator
in a transmission mode at room temperature. XAFS data were analyzed by the analysis software,
REX2000 (Rigaku Corp.) TEM images were obtained by JEM-2100F with an accelerating
voltage of 200 kV.

XPS measurement was carried out on an SSX 100/206 photoelectron spectrometer from
Surface Science Instruments (USA) equipped with a monochromatized micro-focused Al X-ray
source (powered at 20 mA and 10 kV). The C-(C, H) component of the C1s peak of carbon has
been fixed to 284.8 eV to set the binding energy scale. Data treatment was performed with the

CasaXPS program (Casa Software Ltd, UK).

In situ XRD experiments were carried out on a D8 Advanced diffractometer from
Bruker with a Bragg Brentano geometry. A Paar Instrument XRK 900 chamber was used to
control the reducing atmosphere (30 mL-min* of 10% H; in Helium) and the temperature (from
room temperature to 723 K). Each diffraction pattern was recorded using a linkeye XE-T detector
(Bruker) in the appropriate 26 range (from 40 to 50 degrees in 26, the increment of 0.02 degree

and integration time of 0.3 s).

2.4. Catalytic reaction

Oxidation of 1-phenylethanol or benzyl alcohol was carried out as a catalytic reaction

to evaluate the catalytic activity and to understand the catalysis of prepared catalysts.

Oxidation of 1-phenylethanol and benzyl alcohol was carried out as follows: 1-

phenylethanol (1 mmol) or benzyl alcohol (1 mmol), and p-xylene (5 mL) or toluene (5 mL) were

14



stirred in Schlenk tube with the catalyst (S/C ratio: 12). Yield of acetophenone or benzaldehyde
was determined by gas chromatography (Shimadzu, GC-2025) with capillary column (Hewlett
Packard, Ultra 2, 25 m x 0.20 mm, 0.33 um or GL Science, TC-WAX, 30 m x 0.25 mm, 0.50 um)
and FID detector. Biphenyl (0.5 mmol) was used as an internal standard. Reaction temperature,

reaction time, and atmosphere were varied to interpret the catalytic mechanism and catalysis.

15



Chapter 3

Creation and effect of Ni-O-Si interfacial structure
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3.1. Introduction

There are various ways to prepare the supported catalysts, such as sol-gel method [135],
ion exchange method [136], deposition-precipitation method [137], and colloidal method [138].

Cluster size and catalyst structure are important factors to design the supported catalysts [17,99].

Regarding colloidal method, different precursor can differ the particle size [100]. Hence,
it can be said that cluster size is controlled by also impregnation method, which is one of the
easiest ways to prepare the supported catalyst, using various precursor. Changing the precursor

can control the cluster size.

In this chapter, the correlation of catalytic activity and structure is discussed from the

viewpoint of cluster size and interfacial structure.

3.2. Experimental

In this chapter, catalysts were prepared by impregnation method. NiO(amm)/SiO2-T,
NiO(amm)/AC-T, NiO(ace)/SiO.-T and NiO(nit)/SiO,-T were obtained by impregnating
[Ni(NH3)s]?*, Ni(acac), or Ni(NOs). on SiO; (Fuji Silysia, CARIACT P-10) or activated carbon
(denoted as AC), followed by calcination at T (K) in air. Precursors are abbreviated as amm, ace
and nit for [Ni(NHs)s]>*, Ni(acac), and Ni(NOs),, respectively. Loading amount of NiO was
regulated to 5 wt%.

XAFS and TEM measurement were carried out to characterize the prepared catalysts.

Catalytic activity was evaluated by oxidation of 1-phenylethanol.

17



3.3. Results and discussion

3.3.1. XAFS measurements

Fig. 3.1 shows a Ni K-edge XANES (X-ray absorption near edge structure) of prepared
NiO catalysts and reference compounds. Information about valence and chemical states of nickel
species of the catalysts can be obtained from the XANES spectra. Based on the XANES shape
and edge position, all catalysts was consisted of not Ni metal but nickel oxide. However, a slight
difference was observed in the white line region. The peak top of white line of NiO(amm)/SiO,-
T was at higher energy position than that of NiO(nit)/SiO.-673, NiO(ace)/SiO»-673 and
NiO(amm)/AC-573, which indicates that a kind of nickel species of each catalyst was different.
Energy position of white line of nickel silicate synthesized by reported method [139] was at near
position of NiO(amm)/SiO»-T. This result shows the interfacial structure of NiO(amm)/SiO»-T,

Ni-O-Si structure, existed besides nickel oxide.

18
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Fig. 3.1. Ni K-edge XANES of prepared catalysts and reference compounds.

To obtain the information about local structure in detail k3-weighted EXAFS (Extended
X-ray absorption fine structure) was analyzed. The k3-weighted EXAFS functions and their
Fourier transformed spectra (FT) of prepared catalysts and reference compounds are shown in
Fig. 3.2 and Fig. 3.3, respectively. Curve fitting analysis of EXAFS oscillation was carried out
for the nearest Ni-Ni coordination by using NiO as a reference compound at around 0.28 nm in

FT. Results of the curve fitting analysis is shown in Table 3.1.

EXAFS oscillation patterns of NiO(nit)/SiO,-673, NiO(ace)/SiO,-673 and
NiO(amm)/AC-573 were same as that of NiO although their amplitudes were different, which
indicates that nickel species of these catalysts were NiO as with the result of XANES. Also it is
can be said that the kind of nickel species was same but the cluster size was different among them.
In fact, coordination number (CN) of the nearest Ni-Ni coordination for NiO(nit)/SiO,-673,
NiO(ace)/Si0,-673 and NiO(amm)/AC-573 was determined to 12.3, 7.0 and 5.0, respectively,
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which indicated the different size of NiO particle, and this result resulted from different precursor

and support.

On the other hand, the oscillation of NiO(amm)/SiO.-T were different from NiO and
similar to that of nickel silicate, which means that Ni-O-Si structure existed as another nickel
species on NiO(amm)/SiO.-T. This result agreed with the result of XANES as shown in Fig. 3.1.
In addition, CN of NiO(amm)/SiO,-T (CN=7.3, 7.4, 8.0) was smaller than NiO (CN=12), probably

meaning the fixing of NiO nanocluster on the support.

] T | | | | |
Nickel silicate
NiO(amm)/SiO,-573

NiO(amm)/SiO,-773

NiO(amm)/AC-573

(k)

NiO(ace)/SiO,-673

NiO(nit)/Si0,-673

NiO

1 1 1 1 1 1
0 2 4 6 8 10 12 14

k/10 nm™

Fig. 3.2. k3-Weighted EXAFS of prepared catalysts and reference compounds.
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Fig. 3.3. FT of Ni K-edge EXAFS for NiO catalysts and reference compounds.

Table 3.1 Curve fitting analysis of FT for the nearest Ni-Ni coordination of NiO catalysts

Catalyst CN? r’ (nm) dE° (eV) DW? (nm) R

nickel silicate 6 0.307 0 0.006 -
NiO(amm)/SiO,-298 7.3x1.2 0.311+0.001 45+1.6 0.0073 0.012
NiO(amm)/Si0,-573 7.4+1.2 0.311+0.001 4.8+1.5 0.0079 0.026
NiO(amm)/SiO,-773 8.0+1.3 0.310+0.001 5.3x1.5 0.0090 0.171
NiO(amm)/AC-573 5.0+0.8 0.300+0.001 12415 0.0083 0.132
NiO(ace)/SiO,-673 7.0x1.2 0.298+0.001 -1.9+£1.6 0.0095 0.377
NiO(nit)/Si0,-673 12.3+2.1 0.295+0.001 0.5£1.7 0.0060 0.090

NiO 12 0.295 0 0.006 -

aCoordination number, ®hond distance, “difference between model compound and experimental

threshold energies, “Debye-Waller factor, °R-factor. FT range: 30-140 nm™.
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Regarding the formation of Ni-O-Si structure, a reaction between nickel precursor and
SiO2 during catalyst preparation was considered. NiO(amm)/SiO»-T was prepared under basic
condition by using ammonia solution to utilize [Ni(NH3)s]?* as a nickel precursor. A part of the
SiO; framework dissolves under basic condition and new silanol group forms [140]. Subsequently,
it is assumed that nickel species penetrated the SiO, framework and Ni-O-Si bond forms on the
new silanol group. A formation of nickel silicate was reported regarding a SiO. supported

catalysts synthesized from [Ni(NHs)s]?*, nickel precursor [141, 142].

Nickel species penetrating the silica frame work can be Ni-O-Si structure, and nickel
species which did not go into the framework seemed to be supported on Ni-O-Si structure as NiO.
Therefore, Ni-O-Si structure is an interfacial one, and NiO and Ni-O-Si structure coexisted across

the SiO; surface as shown in Fig. 3.4.

HQ OH
\?H HC—;)[ HO\C_:)H H?fH —Si0, surface HOOH  HoPH HO\QH HooH
SI\ /SI Sl\ /SI ‘‘‘‘‘ SI SI X SI
O/ © O/ O/ ° \O dissolved under ;Sl\ga i ] \HOC|).| 3
L L e o O basic condition [9] o 9] o 0
~O—g S i _08j l L @1 o > o
/'uo’ /-:'\o/s'\ | - -O—si__ SRASTEN O gi,
S0 8 a0l O do ™ o
f”sl/o\si:p\ O'Si/ ?I formation of O o ,Si/O\S,I‘
—07y I é) Q silanol group [9] ‘0/,8' Si 0 \ ]
c\) O, / (P 5 /O \

addition of [Ni(NH5)¢]?*
formation of
NiO and Ni-O-Si
«— Ni-0-Si

Sio,

Fig. 3.4. Schematic scheme of Ni-O-Si complex structure formation.
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To demonstrate the coexistence of NiO and Ni-O-Si, XANES LCF (linear combination
fitting) analysis was carried out and a ratio of each component was estimated. As a consequence,
XANES LCF for the NiO(amm)/SiO.-T revealed the coexistence of NiO and Ni-O-Si on

NiO(amm)/SiO--T and the ratio of each component was calculated as shown in Table 3.2.

Table 3.2 Pattern fitting results of NiO(amm)/SiO-T

Component (%)

Catalyst
NiO Ni-O-Si
NiO(amm)/SiO,-RT 37 63
NiO(amm)/SiO2-573 48 52
NiO(amm)/SiO2-773 57 43

Fitting range: 8344-8357 eV.

3.3.2. Oxidation of 1-phenylethanol

Table 3.3 and Fig. 3.5 show a result of 1-phenylethanol oxidation reaction. From the
viewpoint of correlation between cluster size and catalytic activity, the smaller CN results in the
higher yield. In fact, this size dependency was observed by the large. However, NiO(amm)/SiO.-
RT specifically showed higher activity compared to NiO(ace)/SiO»-673 even though their CN was

almost same.

Considering NiO(amm)/SiO2-RT consisting of plural nickel species, namely NiO and
Ni-O-Si, the coordination distance of Ni-Ni for NiO and for nickel silicate is close (0.295 nm and
0.307 nm, respectively) and these two coordination peaks were overlapped by each other. As a
result, it was hard to distinguish these two coordination peak in FT, and it was difficult to discuss

the NiO cluster size from CN only. Therefore, the cluster size of NiO(amm)/SiO»-RT and
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NiO(ace)/SiO,-673 was estimated from TEM observation as 1.9 nm and 1.0 nm, respectively
(Figs. 3.6 and 3.7). Interestingly, this result showed the larger cluster was more active than the
smaller cluster, which was contrary to the size dependency. Therefore, not only cluster size but
also the kind of nickel species existing on prepared catalysts was important to enhance the

catalytic activity.

The result of 1-phenylethanol oxidation was reconsidered based on the kind of nickel
species besides CN. NiO(amm)/SiO-RT and NiO(amm)/SiO2-573 were more active than
NiO(amm)/AC-573 and NiO(ace)/SiO.-673 in spite of larger CN, which means the another factor
affecting the catalysis besides the size dependency. The formation of Ni-O-Si structure with NiO
nanocluster on NiO(amm)/SiO,-T has been revealed by XAFS unlike the others, and it is
reasonable to conclude that the interfacial Ni-O-Si structure contributed to the higher activity. In
other word, the catalysts consisting of NiO and Ni-O-Si was more active compared to the others
consisting of only NiO, meaning that Ni-O-Si had a promoting effect for the oxidation of 1-

phenylethanol.

SiO; and activated carbon which were used as the support did not show the catalytic
activity for the reaction, which means that NiO fixed on these support was the active species.
Besides, the reaction using only nickel silicate did not proceed, therefore nickel species was not
active species and it was a promoter enhancing an activity of NiO for the oxidation of 1-

phenylethanol.
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Table 3.3 Coordination number of Ni-Ni and yield of acetophenone?®

Ni talyst
OH iO catalys 0 + H,0
0O,, p-xylene

Catalyst CNP Yield® (%) nickel species on support
NiO(amm)/SiO,-RT 7.3x1.2 51 NiO and Ni-O-Si
NiO(amm)/SiO2-573 74112 28 NiO and Ni-O-Si
NiO(amm)/SiO,-773 8.0+1.3 4.5 NiO and Ni-O-Si
NiO(amm)/AC-573 5.0+0.8 17 NiO
NiO(ace)/SiO-673 7.0£1.2 7.8 NiO
NiO(nit)/SiO,-673 12,321 19 NiO
NiO(amm)/nickel silicate-RT 8.5+1.4 1.7 NiO
Nickel silicate 6 2.6 -

SiO; - 4.8 -
Activated carbon - 2.5 -
blank - 3.0 -

1-Phenylethanol (1 mmol), NiO catalyst (0.10 g, S/C = 12), solvent: p-xylene (5 mL),
atmosphere: O (1 atm), reaction temperature: 373 K, reaction time: 6 h, "coordination number of
the nearest Ni-Ni coordination, ‘determined by gas chromatography using an internal standard

technique.

10— 71717 717 7
® NiO and Ni-O-Si
80 O NiO only
S 60
o —o—
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€ 40
o
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N T
4 6 8 10 12 14
CN of Ni-Ni

Fig. 3.5. Correlation between the yield of acetophenone and CN of the catalysts.
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Fig. 3.6. Particle size distribution and TEM image for NiO(amm)/SiO2-RT.
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Fig. 3.7. Particle size distribution and TEM image for NiO(ace)/SiO»-673.
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Based on the result that Ni-O-Si can promote the reaction, nickel silicate supported NiO
catalysts (NiO(amm)/nickel silicate-T) were prepared and applied to the same reaction. As a result,
NiO(amm)/nickel silicate-T was not active contrary to an expectation that NiO(amm)/nickel
silicate-T is also active because it possesses the Ni-O-Si structure like NiO(amm)/SiO,-T. One of
the considerable reasons is that NiO particle was not small sufficiently based on the CN. CN of

NiO(amm)/SiO2-773 (not active) was 8.0 and that of NiO(amm)/nickel silicate-RT was 8.5.

Moreover, XRD (Fig. 3.8) showed the aggregation of NiO as an increase of diffraction
peak (Ni (200)) for NiO(amm)/nickel silicate-773 although that aggregation was not observed for
NiO(amm)/SiO.-T. Nickel silicate was not able to keep NiO highly disperse, resulting in the larger
NiO particle than NiO(amm)/SiO,-T.

| | | | |
sio,
M NIO(amm)/SIOZ-573
Mv . NiO(amm)/SiO,-773
Mmm)/nickel silicate-RT
tvbosn ettt
wm)/nickel silicate-573
vy

NiO(ammj/nﬁZel silicate-773

1000 cps

intensity

SN e Nickel silicate
A A
(200)
(111)
x0.1 JA\ NiO
l l l l l

30 35 40 45 50 55 60
26/ degree

Fig. 3.8. XRD patterns of NiO(amm)/SiO.-T, NiO(amm)/nickel silicate-T and reference

compounds.
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Interestingly, the activity of three NiO(amm)/SiO,-T catalysts was different although
their CN changed just slightly. Proportion of NiO and N-O-Si was estimated by XANES LCF as
shown in Table 3.2 in order to reveal the reason of the drastic change of yield. XANES LCF
indicated that the ration of NiO increased and that of Ni-O-Si decreased with higher temperature
of calcination. Considering that Ni-O-Si existed on the interfacial region between NiO and SiO,,
that change of component ratio can be described as illustrated in Fig. 2.9. Ni-O-Si structure
exposed on atmosphere transformed into NiO with the calcination, resulting in the loss of Ni-O-
Si working as a promoter for the catalysis. This is the reason why the drastic diminishment of the
yield was observed with the change of ratio of each nickel species, which means an importance

of the interfacial region on a supported catalyst.

(A) (B) (@

I Nio Sio, Ni-O-Si interfacial structure

Fig. 3.9. Schematic model of NiO and the interfacial distribution on (A) NiO(amm)/SiO2-RT,
(B) NiO(amm)/SiO.-573 and (C) NiO(amm)/SiO»-773.

In order to know the role of the interfacial Ni-O-Si structure, CO, adsorption experiment
was carried out for NiO(amm)/SiO.-T and NiO(nit)/SiO»-673 (Table 3.4). CO; adsorption on the
NiO(nit)/SiO,-673 was almost negligible. On the other hand, CO, adsorption on the
NiO(amm)/SiO.-T was noticed to some extent, indicating that a base could facilitate the
dissociation of 0-H bond. The amount of CO; adsorbed on NiO(amm)/SiO»-T decreased with
increasing the calcination temperature. The catalysis of the NiO(amm)/SiO,-T can be explained

by the amount of exposed surface of the interfacial Ni-O-Si structure having a role as a base.
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Table 3.4 CO; adsorption on the NiO(amm)/SiO»-T and NiO(nit)/SiO»-673

Catalyst Adsorbed CO; (10 mol/gcar) Yield (%)
NiO(amm)/SiO.-RT 7.2 51
NiO(amm)/SiO,-573 2.1 28
NiO(amm)/SiO,-773 1.6 4.5

NiO(nit)/SiO-673 15 1.9

Based on above results, Fig. 3.10 can be illustrated. Making active species smaller
enable NiO catalysts to have the catalytic activity for the oxidation of 1-phenylethanol even if
nickel species consisted of NiO catalyst is only NiO. However, on the other hand, the creation of
Ni-O-Si structure on the interface of NiO and SiO, enhance the catalytic activity due to a

promoting effect of Ni-O-Si structure.

Promoting effect of Ni-O-Si @J\OH

® ® NiO
» T r/ nanocluster —\: ® =
Ni-O-Si—= | ® » > ®
50, Si0,

(Y

Fig. 3.10. Graphical abstract of this chapter.
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3.4. Conclusion

XAFS and TEM measurements revealed that the cluster size of NiO and a kind of nickel
species on prepared catalysts can be controlled by utilizing different Ni precursor, support and
calcination temperature, Coexistence of NiO and Ni-O-Si structure was found on
NiO(amm)/SiO.-T prepared by using [Ni(NH3)s](NOs), and SiO; as a precursor and a support,
respectively. Ni-O-Si was formed between NiO and SiO- as an interfacial structure, and existence
of Ni-O-Si interfacial structure increased the basicity of the catalyst and promoted the dissociation

of O-H bond of alcohols.

Obtained catalysts were applied for oxidation of 1-phenylethanol. As a consequence, a
kind of nickel species is found to be a crucial factor for the catalysis besides particle size of active
species. NiO nanocluster coexisting with Ni-O-Si was more active compared to NiO nanocluster
without Ni-O-Si. Ni-O-Si can enhance the catalytic activity of NiO nanocluster as a promoter for
the oxidation of 1-phenyoethanol. Creation of interfacial structure and its effective contribution

is a key factor for catalyst design.
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Chapter 4

Promoting the reaction by activated carbon support
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4.1. Introduction

Chapter 3 mentioned the development of SiO, supported NiO nanocluster catalyst
showing the catalytic activity to oxidation of 1-phenylethanol, and the promoting effect of
interfacial Ni-O-Si structure for the reaction was found. However, in this case, two types of nickel
species of NiO and Ni-O-Si produced the high catalytic activity, and it is difficult to characterize
each nickel species separately. Therefore, considering active species and support separately is also
important to precisely understand the catalysis of supported NiO catalyst. The precise
understanding of the catalysis of the supported NiO nanocluster catalysts is expected to result in
the expansion of the new catalyst design of base metal nanocluster catalysts. This is the concept

of this chapter.

However, we realized the limitation of finer catalyst design by impregnation method.
Using nickel ammine complex ([Ni(NH3)s](NOs).) as a nickel precursor resulted in the formation
of the interfacial Ni-O-Si structure besides NiO. Also, the other precursors, Ni(NOs), and
Ni(acac), needed a calcination at high temperature for decomposition of precursor and
transformation into NiO, which indicates the difficulty of structure control. Then, colloidal
method is focused on in this chapter. In this method, supported NiO catalyst is obtained by using
size-controlled Ni colloid prepared in advance as a precursor [134]. By utilizing this preparation
method, it is expected that finely structure-controlled NiO nanocluster can be fixed on the support

without formation of the complex oxide compounds such as Ni-O-Si structure.

In the case of impregnation method, calcination is required to prepare NiO catalyst and
different sized NiO catalyst is obtained because of different support. On the other hand, same
sized NiO supported on different support can be obtained by using Ni colloid as a precursor since
NiO is formed by oxidizing in air at room temperature, which allow understanding a function of

the support in detail.

As a result, obtained catalyst was composed of only NiO nanocluster as a nickel species
on the support, and a synergy effect for the catalysis between the support and the active species
was found in contrast to the conventional nickel-based catalysts which were non-supported bulk

catalysts. X-ray absorption fine structure (XAFS), X-ray photoelectron spectroscopy (XPS) and
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in situ powder X-ray diffraction (XRD) were used to clarify the catalyst structure and the origin

of catalysis.

4.2. Experimental

NaBH, was added in THF solvent and the NaBH./THF solution was refluxed in Schlenk
tube for 1 h at 338 K. After synthesis of tert-butoxide by adding tert-BuOH in the NaBH4/THF
solution, Ni colloid was obtained by addition of dehydrated Ni(acac). and vigorous stirring in the

THF solution for 1 h at 338 K. The excess NaBH4 was decomposed by the addition of t-BuOH.

Activated carbon (AC), Al>O3 or SiO; were dispersed into Ni colloid solution and stirred
for 3 h at room temperature. After the stirring, the solvent was evaporated at 318 K in vacuo.
Supported catalyst was washed with distilled water and dried in vacuo at room temperature
overnight. The catalyst was denoted as NiO/AC, NiO/Al>Os, and NiO/SiO,, respectively. Ni
loading amount was regulated to 5 wt% for all catalysts. Process of preparing Ni colloid and
fixing Ni on the support was conducted under a nitrogen atmosphere. Regarding NiO/AC, acetone
and methanol were considered as a washing solvent besides water. AC supported NiO catalysts

washed by acetone and methanol were denoted as NiO/AC-ace and NiO/AC-MeOH, respectively.

XAFS, XPS, and in situ XRD were carried out for characterization. Prepared catalysts

were applied to the oxidation of 1-phenylethanol.

4.3. Results and discussion

4.3.1. Effect of support

NiO nanocluster catalysts supported on AC, Al,Os and SiO, were prepared and applied

to the liquid phase oxidation of 1-phenylethanol using molecular oxygen as an oxidant. Only AC
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supported NiO catalyst showed catalytic activity for the reaction (Table 4.1), and AC was regarded
as an appropriate support for this catalytic system and used for the reaction below. This result
means AC is an appropriate support for this catalytic system. Interesting thing is that only NiO/AC
was active for the reaction although a NiO particle size of all catalysts might be same since the
particle size was regulated during the preparation of Ni colloidal solution which is precursor. In
other word, there is another factor affecting the catalysis besides NiO particle size and AC assisted

something for the reaction.

Table 4.1 Acetophenone yield of 1-phenylethanol oxidation reaction

Catalyst Yield (%)
NiO/AC-ace 83
NiO/AC-MeOH 65
NiO/AC 36
NiO/SiO; 3.2
NiO/AlLO3 2.7

AC 4.4
blank 3.1

1-Phenylethanol (1 mmol), NiO catalyst (0.10 g, S/C ratio = 12), solvent: p-xylene (5 mL),
temperature: 423 K, reaction time: 24 h, atmosphere: air (1 atm). S/C ratio is mol ratio of substrate

to catalystni.

Ni K-edge XANES (X-ray absorption near edge structure) of NiO/AC, NiO/Al,Os, and
NiO/SiO, were similar not to Ni foil but to bulk NiO in terms of shape and edge position as shown
in Fig. 4.1, indicating that three of the catalysts were successfully oxidized at room temperature
in air. It can be said that valence and chemical species were the same among these catalysts
regarding XANES shape. In other word, a unique nickel species besides NiO did not exist on
NiO/AC to be active for the reaction. Hence, the difference of activity was not explained by

XANES analysis.
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Fig. 4.1. Ni K-edge XANES of NiO catalysts (solid line) and reference compounds (dotted line).

In order to demonstrate whether NiO fixed on prepared catalysts is nanocluster, the
analysis of EXAFS (Extended X-ray absorption fine structure) region was conducted. Fig. 4.2
shows a Fourier transformation of the EXAFS function of NiO/AC, NiO/Al,Oz and NiO/SiO..
Peaks at around 0.29 nm corresponds to Ni-(O)-Ni coordination of the oxidized nickel species,
and its intensity gives information about cluster size. In general, it can be said that the smaller
clusters result in the smaller intensity since the smaller clusters have the larger surface area. The
Peak intensity of all catalysts was weaker than the reference compound, which means that NiO

of prepared catalysts was nanocluster.

The result of in situ XRD analysis is shown in Fig. 4.3. In situ XRD of NiO/AC,
NiO/Al,O3 and NiO/SiO, consisted in heating from 473 K to 723 K under a Hy/He mixed gas
flow and collecting patterns along the thermal treatment. To remove the background influence,
all diffractograms were subtracted by a signal of the machine. Ni metal was observed with rising
temperature, but no peak of NiO at RT was observed on all catalysts, which indicates that NiO

fixed on the supports was nanocluster, which corresponds to the discussion of EXAFS (FT).
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Based on the above results, the facts that NiO nanocluster is fixed on the support is same
among different supported NiO catalyst. Therefore, the role of AC is a key factor for the catalysis

besides the cluster size and kinds of nickel species.
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Fig. 4.2. FT of Ni K-edge EXAFS for NiO catalyst.
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Fig. 4.3. in situ XRD patterns of (a) NiO/AC, (b) NiO/Al,Os and (c) NiO/SiOz-ace. The

catalysts were heated from 473 K to 723 K under a H./He mixed gas flow.
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To obtain the information about a role of AC, XPS measurement was carried out for
NiO/AC, NiO/Al,O3 and NiO/SiO; as shown in Fig. 4.4. The spectra of nickel species exhibit the
main peak around 856 eV that is attributed to Ni 2ps» (+2) [143]. Herein, no peak shift was

observed, suggesting that there is no difference of electronic state among these catalysts.

Based on the above results, chemical state, cluster size and electronic state of nickel
species of these catalysts are same. In other word, AC affected not NiO but reactants, which means
that AC directly contributed to the appearance of the catalysis by interacting with the reactant.

Discussion of the AC’s role is mentioned in section 4.3.3, section of reaction mechanism, in detail.
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Fig. 4.4. XPS of Ni 2ps, for NiO catalysts.
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4.3.2. Effect of solvent during the washing step

Before discussing the role of AC and reaction mechanism in detail, the effect of solvent

used for the catalyst washing step is mentioned in this section.

NiO catalysts were prepared by using Ni colloid as a precursor in this work. Ni clusters
dispersing in the Ni colloid was regulated in nano scale, and its surface was highly active against
external environment. Therefore, it is possible to obtain NiO by oxidizing even at room
temperature in the air. On the other hand, washing of catalysts was carried out after fixing Ni
colloid on the support, namely while the nickel species is oxidized, therefore the solvent used for

washing step can affect the chemical state of nickel species.

AC supported NiO catalysts washed with acetone or methanol were prepared (they are
denoted as NiO/AC-ace and NiO/AC-MeOH, respectively) besides NiO/AC (washed by water).
These catalysts were applied for the 1-phenylethanol oxidation and characterized by XAFS to

reveal the effect of solvent during washing step.

Table 4.1 shows also results of 1-phenylethanol oxidation using NiO/AC washed with
different solvents, and as a result, different solvents led to different yields of acetophenone. XAFS
measurements were carried out to reveal a reason why the solvents used for washing process

affected the catalytic activity from the viewpoint of chemical state.

Fig. 4.5 shows Ni K-edge XANES of NiO/AC catalysts and reference compounds.
Based on the XANES shape, three of NiO/AC catalysts consist of not metallic Ni but oxidized
Ni. However, no difference of chemical state was observed among three of NiO/AC catalysts and
XANES could not reveal the reason why the catalytic activity was affected by solvents using for
washing step. Therefore, the analysis of EXAFS region was carried out to obtain the information

about chemical state of the catalysts in detail.
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Fig. 4.5. Ni K-edge XANES of NiO catalysts (solid line) and reference compounds (dotted line).

In order to reveal the difference of chemical species causing the change of catalytic
activity among three of NiO/AC catalysts washed with different solvents, the analysis of EXAFS

region was carried out.

Fig. 4.5 and Table 4.2 are FT of EXAFS function for NiO/AC catalysts and results of
curve fitting analysis for the nearest Ni-(O)-Ni coordination, respectively. The analysis of EXAFS
showed the different coordination distance of Ni-(O)-Ni coordination (r) as shown in Fig. 4.5 and
Table 4.2. Herein, the r of NiO/AC-ace, NiO/AC-MeOH, NiO/AC, NiO, and Ni(OH); is 0.299,
0.308, 0.313, 0.295, and 0.313 nm, respectively. The r changed between 0.295 nm and 0.313 nm,
namely between NiO and Ni(OH).. This result seemed to mean that NiO and Ni(OH). exist on
three of NiO/AC catalysts, and the ratio of each nickel species was varied by different solvents.
In other word, the r corresponds to the ratio of NiO and Ni(OH)., and the order of NiO ratio is
NiO/AC-ace > NiO/AC-MeOH > NiO/AC. The order of the yield (Table 4.1) corresponded to the
ratio of NiO, which indicates that NiO is the active species for the reaction and the more NiO
ratio resulted in the higher yield. It was found that NiO is the active species for the reaction and

it is important to choose an appropriate solvent for catalyst washing process.
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Fig. 4.6. FT of Ni K-edge EXAFS for NiO catalysts (solid line) and reference compounds (dotted

line).
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4.3.3. Reaction mechanism

The reaction mechanism including the role of NiO and AC is discussed in this section.
First of all, an experiment was conducted as follows to reveal the role of NiO which is the active

species.

In order to obtain information about a role of NiO, NiO catalysts with and without 1-
phenylethanol were prepared for XAFS measurements (denoted as NiO/AC-ace-PhEt and
NiO/AC-ace, respectively). NiO/AC-ace-PhEt: A few drops of 1-phenylethanol were dropped
onto a pellet of the NiO catalyst prepared for the XAFS measurement. Then this pellet was
analyzed. NiO/AC-ace: It was a just as-prepared NiO catalyst. Fig. 4.3 is FT of NiO/AC-ace-PhEt,
NiO/AC-ace, and NiO. Curve fitting analysis of FT for Ni-O coordination was conducted as
shown in Table 4.3, CN of NiO/AC-ace-PhEt was greater than that of NiO/AC-ace. The increase
of CN for Ni-O coordination means the adsorption of OH group of 1-phenylethanol on NiO. In
other word, Ni atom of NiO interacted with O atom of 1-phenylethanol, and the adsorption of 1-

phenylethanol on NiO was one of the elementary reactions as shown in Fig. 4.7.

NiO/AC-ace-PhEt

IFT]

NiO/AC-ace

NiO

I I I I
0.5 1.0 15 2.0

r/10" nm

Fig. 4.6. FT of Ni K-edge EXAFS for 1-phenylethanol adsorbed NiO catalyst (NiO/AC-ace-PhEt),
as-prepared NiO catalyst (NiO/AC-ace), and NiO.
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Table 4.3 Curve fitting results of Ni-O coordination for as-prepared NiO catalysts and 1-

phenylethanol adsorbed NiO catalyst

Catalyst CN? r’(nm) dE° (eV) DW? (nm)
NiO/AC-ace-PhEt 8.7+1.3 0.206+0.0011 3.51+£2.08 0.0096+0.0016
NiO/AC-ace 7.4x1.1 0.206x0.0011 3.91+2.04 0.0087+0.0016
NiO (model) 6 0.209 0.00 0.0060

Coordination number, °coordination distance, “difference between a model compound and
experimental threshold energies, “Debye-Waller factor. Filtering range: 0.135-0.193 nm, FT
range: 30-130 nm™.

NiO nanocluster

Support

@ni 90

Fig. 4.7. Adsorption of 1-phenylethanol on NiO.

A report mentioning Nano-sized NiO’s Lewis acidity of Ni?* [102] also corresponds to
the adsorption of 1-phenylethanol described in Fig. 4.7. In addition, Ni?* of Nano-sized NiO has
an ability to subtract a-hydride (a-C-H) in contrast to bulk NiO [103]. Therefore, a reaction
mechanism of 1-phenylethanol oxidation using NiO catalyst without an assist of the support can
be illustrated as shown in Fig. 4.8. Adsorption of 1-phenylethanol on NiO weakens a bond of O-
H, O and Ni of NiO dissociated O-H bond and subtract a-hydride, respectively, resulting in the

production of acetophenone.

Herein, there are three key steps in the reaction: step i) dissociation of hydroxyl O-H

bond, step step ii) extraction of o-hydride (a-C-H), and iii) subtraction of H (O-H). The
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adsorption of OH group on NiO site mentioned above promotes the step i). Therefore, assist of
step ii) and iii) is expected to lead to the higher activity. An idea here is that AC can promote step

i) or iii), and this is the reason why only AC supported NiO catalyst is active for the reaction.

NiO nanocluster

Support

O\ 90

Fig. 4.8. A part of reaction mechanism for the oxidation of 1-phenylethanol using NiO catalyst.

The adding hydroquinone as a radical scavenger decreased the reaction rate drastically
as shown in Table 4.4, indicating the production of a radical intermediate in the reaction process.
It is reasonable to say that AC generated the radical intermediate, based on the results that only
NiO/AC catalysts showed the activity although no difference of chemical and electronic state
among NiO/AC, NiO/Al;Os, and NiO/SiO,. Moreover, the radical intermediate seemed to be
produced by subtracting a-H (a-C-H) since the dissociation energy of aC-H bond is much lower
(84 kcal-mol?) compared to that of O-H bond (103 kcal-mol™) [144, 145]. Therefore, AC
promoted the step ii) in Fig. 4.8, resulting in the catalytic activity on NiO/AC.

Table 4.4 Acetophenone yield of 1-phenylethanol oxidation reaction®

Catalyst Yield (%)
as-prepared NiO/AC-ace 39
NiO/AC-ace + Hydroquinone® 1.7

1-Phenylethanol (1 mmol), NiO catalyst (0.10 g, S/C ratio = 12), solvent: p-xylene (5 mL),
reaction time: 3 h, atmosphere: air (1 atm). "Hydroquinone: 0.25 mmol. ‘treated in vacuo at 723

K for 1 h. S/C ratio is mol ratio of substrate to catalystni.
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The reaction rate decreased with time, and the reaction stopped after approximately 14
h due to the equilibrium (Table 4.5, Fig. 4.9), and the reaction was a first-order reaction since a
linear relation between InC and time (Fig. 4.10). C is the concentration of 1-phenylethanol in the
Schlenk tube during the reaction. In addition, the same amount of hydrogen was observed as
production of acetophenone, which means that hydrogen molecule is produced as a byproduct.

The production of hydrogen was observed by measuring the change of pressure of gas generating
during the reaction in glass line.

Yield / %

0 | | | |
0 5 10 15 20

Time/h

Fig. 4.9. Time profile of yield for oxidation of 1-phenylethanol on NiO/AC-ace.
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=z -2.0

InC | -phenylethano

Fig. 4.10. InC versus time for oxidation of 1-phenylethanol by NiO/AC-ace; C is the concentration
of 1-phenylethanol.

Table 4.5 Time profile of yield for 1-phenylethanol oxidation.

Time (h) Yield (%)
1 26
3 39
6 62
16 85
24 83

1-Phenylethanol (1 mmol), NiO catalyst (0.10 g, S/C ratio = 12), p-xylene (5 mL), temperature

(423 K), atmosphere: air (1 atm). S/C ratio is mol ratio of substrate to catalystni.
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As a consequence, proposed reaction mechanism can be drawn as shown in Fig. 4.11.
At first, 1-phenylethanol adsorbs on NiO nanocluster (path i), leading to the beginning of the
reaction. Secondary, AC subtracts o-hydrogen and the radical intermediate is produced (path ii).
O-H bond is dissociated by NiO nanocluster and acetophenone is produced (path iii). Finally,
hydrogen molecule is produced and the active site is regenerated (path iv). The same amount of

gas generation as acetophenone production was observed experimentally.

NiO nanocluster

iv)
H, i
Activated carbon
O %0 L D
(0]
N
HT,\'
\+ +.

Fig. 4.11. The plausible mechanism of oxidation of 1-phenylethanol with NiO catalysts; i)
adsorption of 1-phenylethanol on NiO nanocluster, ii) subtraction of a-hydride by AC, iii)

production of acetophenone, iv) production of hydrogen and regeneration of the catalyst.
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As mentioned above, the existence of hydroquinone disturbed the reaction drastically.
Therefore, path v-vii in Fig. 4.12 can be described. As shown in Fig. 4.12 (path v-vii), the
hydroquinone led to the consumption of the radical intermediate and to the former state of the

catalytic cycle.

NiO nanocluster

/ m o<
H, iv) i
Activated carbon

Ni $O
@ %0 D

Fig. 4.12. The plausible mechanism of oxidation of 1-phenylethanol with NiO catalysts.
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4.4, Conclusion

Supported NiO nanocluster catalysts were prepared by using Ni colloid as a precursor.
Obtained catalysts had the activity for liquid phase oxidation of -1phenylsthanol using molecular

oxygen under base-free condition.

NiO nanocluster was fixed on different supports (AC, SiO,, and Al;O3), and only AC
supported NiO nanocluster showed the activity for the reaction. Based on the results that no
difference of chemical and electronic state among three of supported NiO catalysts, and that the
reaction proceeded as a radical reaction, it can be said that AC’s ability to produce a radical

intermediate generated the catalytic activity of NiO/AC catalysts for the reaction.

The ratio of NiO and Ni(OH), was controlled by using different solvent for the catalyst
washing step. NiO/AC-ace consisting of the greatest NiO population showed the highest activity
among three of NiO/AC catalysts, which indicates that the active species for the reaction was NiO
and that more NiO ratio facilitated the adsorption of 1-phenylethanol to the catalyst, leading to

more yield of acetophenone.

This work not only developed the new NiO catalyst for the oxidation of 1-phenylethanol

but also obtained the insight of the reaction mechanism via X-ray analyses.
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Chapter 5

Promoting the reaction by hydrotalcite support
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5.1. Introduction

In chapter 4, the subtraction of a-hydride (step ii of Fig. 4.8) was promoted by activated
carbon. On the other hand, in chapter 5, promoting the dissociation of O-H bond (step iii of Fig.
4.8) was focused on to enhance the catalytic activity. Metal oxides and clay minerals such as
Al>0s, MgO and hydrotalcite can dissociate O-H bond by subtracting H* as a Brensted base,

hydrotalcite was utilized as a support in this chapter.

Since Ni-incorporated hydrotalcite showed catalytic activity for the oxidation of
alcohols [74, 75], the synergic combination of nickel and hydrotalcite is expected to be effective
for the reaction. Dispersing NiO nanocluster on hydrotalcite is expected to be more favorable for
the reaction. The supported NiO catalysts were prepared by using Ni colloid as a precursor and
applied for the oxidation of benzyl alcohol and 1-phenylethanol. | attempted to develop a higher
active supported NiO nanocluster catalyst, to clarify the reaction mechanism, and to find out the

role of support and interfacial structure.

NiO nanocluster

Support

Oni 90

Fig. 4.8. A part of reaction mechanism for the oxidation of 1-phenylethanol using NiO catalyst.
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5.2. Experimental

Preparation of Ni colloid was conducted in an ice bath under a nitrogen atmosphere.
PVP and Ni(NOs),- 6H,O (PVP/Ni = 6) were dissolved by water (20 mL) in a Schlenk tube.
NaBH4 aq was injected in the Schlenk tube, resulting in the production of nickel colloid.
Hydrotalcite (HT) was dispersed into Ni colloid solution, followed by stirring for 1 h. After the
stirring, the catalyst was washed with distilled water and dried in vacuo at room temperature
overnight. Ni loading amount was regulated to 5 wt%. Prepared catalyst was denoted as NiO/HT.
XAFS was carried out for characterization. Prepared catalysts were applied to the oxidative

dehydrogenation of 1-phenylethanol and benzyl alcohol.

5.3. Results and Discussion

5.3.1. XAFS measurement

XANES profile of prepared catalyst was collected in order to find out the chemical state
of nickel species supported on HT. Fig. 5.1 shows the XANES spectra of prepared catalyst and
reference compounds. Based on the XANES shape, prepared catalyst was similar not to Ni foil
but to NiO, which means that nickel species supported on HT was the oxidized nickel species like
NiO. However, regarding the energy position of white line, the position of the prepared catalyst
was higher than NiO. This result indicates that another nickel species which is not NiO was
contained in the prepared catalyst. Clarifying the component consisting of NiO/HT is one of the
most important thing in order to make the correlation of catalyst structure and activity clear. |

tried to find another nickel species to make paper better.

HT used in this work can be illustrated as Fig. 5.2 [146]. Hydrotalcite is a clay mineral
containing Al and Mg in its framework. Ni-O-M (M = Al or Mg) bond is formed on the interface
between NiO and HT when NiO was supported on HT (Fig. 5.2). This interfacial structure (Ni-
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O-M) can be regarded as another nickel species, and the XANES profile seemed to reflect the

interfacial structure.

Hence, Ni-incorporated hydrotalcite (inc-Ni-HT) was prepared as a bulk compound of
the Ni-O-M structure by reported method [74], and its XANES was collected (Fig. 5.1). As shown
in Fig. 5.1, the energy position of inc-Ni-HT is higher than NiO, and that of NiO/HT is between
NiO and in-Ni-HT, which proves the formation of Ni-O-M as a nickel species of NiO/HT besides
NiO.

inc-Ni-HT

Normalized absorption

1 1 1 1
8320 8330 8340 8350 8360 8370

Photon energy / eV

Fig. 5.1. Ni K-edge XANES of NiO/HT and reference compounds.
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=== Hydrogen Bonding

g

Fig. 5.2. Schematic structure of the prepared catalyst supported on hydrotalcite [146].

Linear combination fitting (LCF) of XANES was carried out using NiO and inc-Ni-HT
as a reference compound, in order to prove the coexistence of NiO and Ni-O-M, and to estimate
the ratio of each component. The calculated spectrum fitted the observed spectrum finely as
shown in Fig. 5.3, and the ratio of each component was estimated as shown in Table 5.1. LCF
revealed the coexistence of NiO and Ni-O-M as a result. The large ratio of inc-Ni-HT (Ni-O-M)
seemed to be caused by NiO nanocluster possessing large surface area of interface between NiO

and HT. In other word, NiO nanocluster is successfully supported on HT.
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Fig. 5.3. Linear combination fitting analysis

Table 5.1 Result of linear combination fitting analysis

Component Ratio (%)
inc-Ni-HT (Ni-O-M) 70
NiO 30

Fitting range: 8336-8358 eV.

5.3.2. Oxidation of benzyl alcohol and 1-phenylethanol

The comparison between the catalysts prepared in this chapter and conventional nickel-
based catalysts for oxidation of benzyl alcohol is shown in Table 5.2. Regarding three of the
reported catalysts (ref.:75-77), excess amount of catalyst to substrate was used for the reaction
(S/C ratio is less than 1.0), which means that these catalysts did not work ideally as a catalyst. On
the other hand, in the case of the catalyst reported in ref. 74, a catalyst amount of inc-Ni-HT was
used for the reaction (S/C ratio=3.1) and the yield of benzaldehyde was 27 mmol/gcani. Herein,
comparing with ref 74, NiO/HT prepared in this work was two times more active although
reaction atmosphere is milder (this work: O, 1 atm balloon, reference 74: O, bubbling of 6

mL/min). Dispersing NiO nanocluster on hydrotalcite led to the higher activity compared to the
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Ni incorporated hydrotalcite which is a bulk compound. It can be said that the most active nickel-

based catalyst for the oxidation dehydrogenation of benzyl alcohol was developed in this work.

Table 5.2 Comparison of activity between Ni-HT and conventional nickel-based catalysts®

catalyst
©/\OH - ©AO

Catalyst Atm. Temp. (K) Time (h) Yield (mmol/geatni) S/C ratio Ref.
NiO/HT? Oz (1 atm) 333 6 52 12 this work
inc-Ni-HT Oz (6 mL/min) 333 6 27 31 74
inc-Ni-HT ~ O2 (10 mL/min) 353 8 75 0.45 75
NiO2 Oz (1 atm) 363 6 5.1 0.30 77
Ni(OH)2 Oz (1 atm) 363 1 5.2 0.31 76

2 See the reference for the detailed information of the catalysts. ® Benzyl alcohol: 1 mmol, catalyst:
S/C ratio = 12, toluene: 5 mL. S/C ratio is mol ratio of substrate to catalysty;.

The catalytic activity for the oxidation of 1-phenylethanol using prepared catalysts in
this work was compared in Table 5.3. The yields of acetophenone at same reaction time (6 h) were
determined via gas chromatography using internal standard method. NiO/SiO.-RT prepared in
chapter 3 showed the lowest yield of 51%. On the other hand, NiO/AC-ace and Ni/HT showed
higher yield of 62% and 60%, respectively. However, high reaction temperature, 423 K, was
required in the case of NiO/AC for the yield of 62%. Therefore, NiO/HT can be regarded as the
best active catalyst for the oxidation of 1-phenylethanol. In addition, NiO/HT showed good yield
of 68% even at 343 K, relatively low temperature, indicating that hydrotalcite is useful as a

support of the supported NiO catalyst.
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Table 5.3 Comparison of activity among the catalysts prepared in this work

catalyst
OH ——» (0]

Catalyst Atmosphere Temp. (K) Time (h) Yield (%) Chapter
NiO/SiO,-RT? 021 atm 373 6 51 3
NiO/AC-ace? air 1 atm 423 6 62 4

NiO/HT" 021 atm 373 6 60 5

NiO/HT" air 1 atm 343 10 68 5

1-Phenylethanol: 1 mmol, catalyst: S/C ratio = 12, solvent; 2p-xylene, "toluene: 5 mL. S/C ratio

is mol ratio of substrate to catalysty;.

5.3.3. Exploration of the reaction mechanism

The oxidation of 1-phenylethanol using NiO/HT was conducted under various reaction

condition in order to reveal the reaction mechanism, and the result is shown in Table 5.4.

NiO/HT showed the catalytic activity also for the oxidation of 1-phenylethanol (Entry
1). NiO and inc-Ni-HT which are bulk compounds of nickel species, hydrotalcite support, and
blank test did not produce acetophenone (Entry 2-5). These results indicated that NiO is the active
species and NiO needs to be supported on HT for the reaction. In other word, synergy effect of

NiO and HT is required for the reaction.

NiO fixed on Al,O3, MgO, or SiO; resulted in different yield from NiO/HT (Entry 6-8).
Basic support such as Al,O; and MgO caused higher yield compared to acidic support such as
SiO, which indicates that the function as a base support is one of the key factors affecting
catalytic activity. Therefore, it can be said that dissociation of O-H by support (namely step iii of

Fig. 4.8) is one of the reaction steps, and HT is the most appropriate for the NiO catalysts.

Removing water by molecular sieves and adding water in the reaction system increased
and decreased yield, respectively (Entry 9 and 10). This result means that water is produced as a

byproduct and it adsorbs on the catalyst, resulting in disturbing the catalytic reaction.
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In addition, reaction atmosphere affected the yield. Yield of 44%, 32% and 1.8% was
obtained under O, 1 atm, air 1 atm, and Ar 1 atm, respectively (Entry 1, 11, and 12). Higher
pressure of O, was favorable for the reaction, but the reaction proceeded to some extent even
without O, (under Ar atmosphere). This result indicates that acetophenone can be produced even
if there is no O, molecule, but O is required to regenerate the active site and to obtain more

amount of acetophenone.

Table 5.4. Yield of acetophenone for the oxidation of 1-phenylethanol under various reaction

R (o

condition

Entry Catalyst Yield (%)
1 NiO/HT 32
2 NiO 0.0
3 inc-Ni-HT 0.0
4 Hydrotalcite 0.0
5 blank 0.0
6 NiO/Al,O5? 15
7 NiO/MgO? 12
8 NiO/SiOz? 3.2
9 NiO/HT® 39
10 NiO/HT® 11
11 NiO/HT® 44
12 NiO/HT® 1.8

1-Phenylethanol: 1 mmol, catalyst: S/C ratio = 12, toluene: 5 mL, reaction temperature: 343 K,
reaction time: 3 h, catalytic reaction was carried out in air. ®Reaction temperature: 373 K,
molecular sieves (0.3 g) was added, “distilled water (3 mmol) was added, %“*the reaction was
carried out in “O, (1 atm) and °Ar (1 atm) atmosphere, respectively. S/C ratio is mol ratio of
substrate to catalysty;.
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Based on the above results, a reaction mechanism of 1-phenylethanol oxidation using
NiO/HT can be illustrated as shown in Fig. 5.4. In the step i), OH group of 1-phenylethanol
adsorbed on NiO site and the reaction started here. Hydrotalcite dissociated O-H bond as a Lewis
base and Ni-O bond was formed in step ii). Subsequently, Ni subtracted a-hydride (aC-H) and
acetophenone was produced (step iii). Finally, the active site of catalyst surface was regenerated
by O, molecule in step iv). Small amount of acetophenone can be produced without O, since O»
is not required between step i) and iii), however catalytic cycle does not proceed without O
because the active site could not be regenerated if there is no Oz in the step iv). If without O,
under Ar atmosphere, the active species cannot be regenerated, resulting in no adsorption of 1-

phenylethanol and no dissociation of O-H bond since the active site is occupied by hydrogen.

NiO nanocluster

H
iv —M—0—M—
) 0 NN i)

Hydrotalcite (M = Al or Mg)

Fig. 5.4. Proposal reaction mechanism for the oxidation of 1-phenylethanol using hydrotalcite
supported NiO nanocluster catalyst.
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5.4. Conclusion

Supported nickel oxide nanocluster was prepared by using PVP-stabilized nickel colloid
as a precursor. Obtained catalysts were applied for the aerobic oxidation of alcohols without

additives such as bases, and the catalysts were characterized by XAFS finely.

XAFS measurement revealed the chemical species composing the prepared catalysts
including Ni-O-M (M = Al or Mg) structure which is the interfacial structure between nickel

oxide nanocluster and hydrotalcite.

NiO/HT catalyst showed the best activity among the catalysts prepared in this work for
the oxidation of 1-phenylethanol using O, (1 atm) atmosphere without any additives. NiO/HT
was more active also compared to the conventional nickel-based catalyst. These results probably

were caused by the synergic effect between nickel oxide nanoclusters and supports.

The reaction mechanism was predicted based on the reaction under the different reaction
condition. It can be said the reaction occurred on the interface between nickel oxide nanocluster

and hydrotalcite support.
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Chapter 6

Concluding Remarks
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Nickel oxide nanocluster was fixed on the support and applied for the oxidation of
alcohols. These catalysts were prepared by utilizing the use of nanocluster and support. The
unique property of nanocluster caused by the increase of coordinatively unsaturated site can
contribute to the high-catalytic performance. The use of support can contribute to not only the
dispersion of active species but also the promoting reactions or appearance of new active site by
synergic effect between active species and support. In addition, fixing the nanocluster on the

support can enhance the synergic effect due to the increase of interfacial area.

Obtained catalysts were characterized by XAFS, XRD, XPS, and TEM. Particularly
analyzing the catalysts by XAFS was strongly focused on in order to clarify the chemical state
and local structure of the catalysts for revealing the origin of catalysis. Since XAFS does not need

long-ordered structure unlike XRD and it gave this work interesting results and success.

Prepared catalysts were active for the oxidation of alcohols using molecular oxygen
without any additives such as base reagents. This is the environmentally friendly catalytic process
aiming at the achievement of sustainable society. Moreover, these catalysts were more active
compared the conventional nickel-based catalysts although the value of S/C ratio was higher. The
promoting effect of the interfacial structure and support led to the enhancement of catalytic

activity for the oxidation of alcohols.

Through a series of results obtained in this work, the interfacial mechanism played a
great role for the catalytic activity. XAFS and the other characterization revealed that the effective
contribution of the support is one of the most important factors for the catalysis of supported

catalysts.

In chapter 3, supported NiO nanocluster was prepared by the impregnation method using

various nickel precursors.

XAFS found the facts described below; different nickel precursor and support resulted
in the different types of nickel species fixed on the support. Not only the types of nickel species
but also the size of NiO nanocluster can be controlled by the different precursor, support, and
treatment temperature. In particular, in the case of the using [Ni(NH3)s](NOs)2 and SiO- as a nickel

precursor and a support, respectively, NiO nanocluster and Ni-O-Si structure coexisted as an
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active species and an interfacial structure, respectively, on the SiO, support.

TEM measurements for NiO(amm)/SiO2-RT and NiO(ace)/SiO2-673 revealed that NiO
nanocluster that was less than 2 nm mono-dispersed on the support. Determining the cluster size
of a catalyst composing plural nickel species by XAFS is difficult because XAFS gives average
information. In terms of this problem, TEM was a useful tool to determine to judge if the NiO

nanocluster was prepared successfully.

The most interesting result of this chapter is the promoting effect of Ni-O-Si interfacial
structure between NiO nanocluster and SiO, support. The catalyst composing NiO nanocluster
and Ni-O-Si structure showed higher activity for the oxidation of 1-phenylethanol compared to
another catalyst composing only NiO nanocluster even if NiO cluster size of the former catalyst
was larger than that of the later catalyst. The effective contribution of the interfacial structure

resulted in the enhancement of catalysis.

In chapter 4, the supported NiO nanocluster was prepared by using t-butoxide-stabilized
Ni colloid as a precursor. Catalysis, the role of NiO and support, and the reaction mechanism for
oxidation of 1-phenylethanol using supported NiO catalyst consisting of only NiO as a nickel

species were discussed.

Interestingly, only activated carbon supported NiO nanocluster was active to the aerobic
oxidation of 1-phenylethanol although SiO- or Al.O5 supported NiO nanocluster were not. Based
on the XAFS analysis, there was no great different among these catalysts regarding the kinds of
nickel species and NiO cluster size. This result indicates that the support, activated carbon,
contributed to the appearance of catalytic activity, it is different from the promoting effect

mentioned in chapter 3.

The solvent used at the washing process of catalysts was also important factor which
can affect the catalytic activity. The catalysts washed by different solvent was composed of
different ratio of NiO and Ni(OH),. This means that Ni colloid supported on the support
transformed into different types of nickel species by different washing solvent because of the high

surface activity of small metallic Ni particle.
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When the catalysts composed of different ratio of NiO and Ni(OH), were used for the
oxidation of 1-phenylethanol, the catalyst consisting of higher ratio of NiO showed higher activity.
This result indicates that NiO was the active species and that controlling the kinds of nickel

species is important for the catalysis.

The reaction mechanism was also proposed based on the results of catalytic reaction
under various reaction condition. XAFS revealed that the adsorption of OH group of 1-
phenylethanol was the first step of the reaction. This reaction occurred with production of the
radical species as an intermediate, and the radical intermediate was produced by subtracting .-
hydride (aC-H) on the surface of activated carbon. Since the active species was NiO supported
on the activated carbon, the reaction occurred on the interface between NiO nanocluster and
activated carbon. We were able to utilize the interfacial structure by supporting the nanocluster
on the activated carbon, and the prepared catalyst showed the catalysis for the oxidation of 1-

phenylethanol.

In chapter 5, hydrotalcite supported NiO nanocluster catalyst was prepared using PVP-
stabilized Ni colloid as a precursor, aiming to create the higher-performance nickel-based catalyst
compared to the other catalysts prepared in this work. Promoting the dissociation of O-H bond by
hydrotalcite which is a base support was one of the ways to enhance the catalytic activity of

supported NiO catalyst for the oxidation of alcohols.

The components of obtained catalyst was found although that catalyst was composed of
two types of nickel species by using XAFS analysis. Ni-O-M (M = Al or Mg) which was one of
the components was the interfacial structure, the finding the interfacial structure was interesting

considering the supported catalysts.

NiO/HT prepared in this chapter showed the highest activity for the oxidation of 1-
phenylethanol compared to the other catalysts prepared in chapter 3 and 4. NiO/HT was active
also at relatively low reaction temperature, 343 K. It can be said that the combination of nickel
oxide and hydrotalcite was favorable for the oxidation of alcohols. Utilizing nanocluster enabled

the effective synergic contribution of the support to the reaction.

Reaction mechanism of the alcohol oxidation using NiO/HT was also proposed through
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the various results under the different reaction condition. Catalytic cycle was enhanced on the
interface of nickel oxide and hydrotalcite, and nanocluster allowed the utilizing synergy effect

and dissociation of a-hydride of 1-phenylethanol.

In the all chapters, the oxidation of alcohols occurred on the interface between nickel
oxide nanocluster and support. Fig. 6.1 shows the reaction mechanism based on the results
obtained in the whole of this work. Subtraction of a-hydride by activated carbon and dissociation
of O-H bond by hydrotalcite promoted the catalytic activity of supported NiO nanocluster

catalysts for the oxidation of 1-phenylethanol.

The appropriate regulation of the interface structure can enable the appearance of an
active site and the promoting effect. Utilizing nanocluster as an active species is also useful to use
the interfacial mechanism effectively. If the support and nanocluster could be used effectively,
there would be large possibility of the expansion of the science of high-performance catalysts

composing nickel or the other base metals.
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Fig. 6.1. Proposed reaction mechanism of 1-phenylethanol oxidation using supported NiO nanocluster
catalysts.
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