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ABSTRACT

CATALYTIC METAL HYDROXIDE NANOSTRUCTURES:
AEROBIC C-H ACTIVATION AND CATALYTIC LOW TEMPERATURE
CARBON MONOXIDE OXIDATION BY NixMn1.x(OH);

Abel Tetteh Sika-Nartey
M.S. in Chemistry
Supervisor: Prof. Dr. Emrah Ozensoy
February 2021

Metal hydroxides and mixed metal hydroxides have been frequently utilized in diverse applications
such as battery technologies, electrocatalysis, electrosynthesis, photocatalysis, supercapacitors,
electrochromic devices, and electrochemical sensors. Yet, precious metal-free hydroxides have
not been utilized to their full potential in the field of catalytic aerobic C-H activation and catalytic
low-temperature CO oxidation. In this work, we demonstrate that upon careful optimization of
catalyst synthesis protocols, a novel catalytic architecture is achieved in the form of
NiosMno4(OH). revealing remarkable catalytic performance in the aerobic oxidation of
alkylarenes, particularly in the aerobic oxidation of xanthene to xanthone. This optimized catalyst
also shows superior catalytic activity in low-temperature CO (g) oxidation. We also present an
efficient catalytic regeneration protocol, which can redeem the full initial activity of the carbon-
poisoned spent catalyst in xanthene oxidation. Catalytic functionality of this novel nanomaterial
architecture is also examined in detail in light of comprehensive characterization experiments

including ATR-IR, XRD, BET-SSA, TGA, TEM, EDX and XPS measurements.



OZET

KATALITIK METAL HIDROKSIT NANOYAPILARI:
NixMn1x(OH), ILE OKSIJENLI ORTAMLARDA C-H AKTIVASYONU
VE
DUSUK SICAKLIKTA KARBON MONOKSIT YUKSELTGENMESI

Abel Tetteh Sika-Nartey
Kimya Yiiksek Lisans Tezi
Danisman: Prof. Dr. Emrah Ozensoy
Subat 2021

Metal hidroksitler ve karisik metalli hidroksitler, batarya teknolojileri, elektrokataliz,
elektrosentez, fotokataliz, siliperkapasitorler, elektrokromik cihazlar ve elektrokimyasal
algilayicilar gibi bir ¢cok uygulamada yaygin sekilde kullanilmaktadir. Ancak, degerli metal
icermeyen hidroksitler, oksijenli ortamlarda katalitik C-H aktivasyonu ve diisiik sicakliklarda
katalitik CO oksidasyonu uygulamalarinda heniiz degerlendirilmemektedir. Isbu calismada,
katalizor sentezleme protokollerinin dikkatli sekilde optimizasyonu sayesinde, yeni nesil
Nio.sMno.4(OH)2 yapisinda karisik metalli katalitik nanoyapilar sentezlenmis ve bu malzemelerin,
alkilarenlerin oksijenli ortamlarda katalitik olarak yiikseltgenmesi ve diisiik sicakliklarda katalitik
karbon monoksit yiikseltgenmesi tepkimelerinde {iistiin basar1 sagladigi gosterilmistir. Ayrica,
edilen bu yeni nesil katalizorlerin katalitik tepkimelerde kullanilmasinin ardindan, yiiksek bir
basarimla rejenerasyonunun saglanmasina yonelik bir deneysel protokol gelistirilmistir.
Sentezlenen bu yeni nesil nano-malzemelerin islevsel 6zelliklerinin kdkenlerinin aydinlatilmasi
adma, detayl karakterizasyon caligmalar1 yapilmigtir. Bu baglamda, gerceklestirilen ATR-IR,
XRD, BET-SSA, TGA, TEM, EDX ve XPS deneyleri kimyasal yap1 ve katalitik islev arasindaki

iliskilerin agiklanmasini saglamistir.
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CHAPTER 1
1. INTRODUCTION

Three major catalyst systems are usually utilized in literature in non-photocatalyic
heterogeneous oxidation reactions.'® These are metal on metal oxide (M/MOx) systems (e.g.
Pt/Al>0O3), metal oxide on metal oxide or activated carbon-based supports (MOx/MOx or MO,/C)
systems (e.g. VOx/TiO2, PdOx/Carbon nanotubes) and metal incorporated zeolite systems (e.g.
Rh@MFI zeolite). Many of these catalysts are highly efficient in high temperature reactions,
however they often suffer from low-temperature catalytic activity. Only few catalytic systems have
been reported to have significant low-temperature catalytic activity such as, Ru/Al,Osf,
Au/TiOzPl, Pd/Charcoal®, CalLaScRuOs:s"! and RuO2—FAU(faujasite zeolite)® These catalysts
have been reported to be efficient in low temperature aerobic oxidation of alcohols. Furthermore,
it should be noted that most of these catalysts are comprised of platinum group metals (PGMs) or

precious metals, which are highly expensive.

The crystal structures of metal hydroxide systems are vulnerable to high temperatures as they can
readily be converted into oxide phases at elevated temperatures. However, they can be still
exploited in low temperature catalytic processes. Along these lines, precious metal-free metal
hydroxide systems can be synthetically fine-tuned to exhibit unique 2D structures, morphology,
electronic and magnetic properties for low temperature reactions. Yan et. al. reported that Ni(OH):
when combined with TiO> performed 90 times better than pure TiO2 in the photocatalytic hydrogen
production from water. 1 Also, Ran et. al. reported that 23 mol% Ni(OH). supported on CdS
nanorods revealed a 145 times higher catalytic activity than pristine CdS nanorods in the visible-
light-driven photocatalytic hydrogen gas production and a 1.3 times better performance than that
of 1 wt.% Pt/CdS. % Gao et al. showed that when a-Ni(OH), was used as an electrocatalyst in
alkaline media, it yielded better catalytic activity and durability in harsh conditions than the a state-
of-the-art catalyst PGM catalyst, i.e. RuO2 in oxygen evolution reaction (OER). [*¥l Nickel-based
mixed metal hydroxide systems have been reported to exhibit unique magnetic properties and the
effect of this property in catalysis is yet to be understood. Dating from the first half of the twentieth
century, metal hydroxides and mixed metal hydroxides have been utilized in diverse applications
such as applied fields are battery technologies, electrocatalysis, electrosynthesis, photocatalysis,



supercapacitors, electrochromic devices, and electrochemical sensors.[*? However, these materials
have not been explored in the context of C-H activation and catalytic low-temperature carbon
monoxide (CO) oxidation. In the current work, we demonstrate that novel mixed metal hydroxide
heterogeneous catalytic systems with optimized nanostructures can serve as extremely active,
selective, and stable catalytic materials in low-temperature C-H activation in liquid phase, as well

as CO oxidation in gas phase.



CHAPTER 2

2. BACKGROUND

2.1. Metal Hydroxide Structures
2.1.1. Fundamental Crystal Forms of Metal Hydroxides

Ni(OH): is arguably the most extensively studied catalytic metal hydroxide, while its mixed metal
hydroxide versions (i.e. Ni-based bimetallic metal hydroxides) have also been investigatedl’* 83-941,
Ni(OH)2 is known to exist in the so called B-phase, and its pseudo polymorphic variant, the a-
phase. 1 Pseudo-polymorphism is a phenomenon where external molecules (e.g. solvent
molecules) occupy particular sites of the crystal lattice structure of a solid to yield a particular
stoichiometry. [*4 B- Ni(OH); exists naturally as a theophrastite mineral!*® and is isostructural with

Mg(OH),. [*®1 Ni(OH). exhibiting this B-motif has a trigonal symmetry (See Figure. 1).

r &

Figure 1. The crystal structure of B-Ni(OH). represented by (a) unit cell projection and (b) ball-
and-stick unit cell. Medium size (grey), large (red), and small (pink) spheres represent Ni?*, 0%,
and H*, respectively. [12]

The a- Ni(OH)2 pseudo polymorph is intrinsically hydrated with H,O molecules where the degree
of hydration (x) varies within 0.41 < x < 0.7, which can be represented as [Ni(OH)2.xH20]. 7]
Note that the correct representation of this hydrated pseudo polymorph is a- Ni(OH)2 rather than
o- Ni(OH)2.xH20. a- Ni(OH) is comprised of layers oriented parallel to the crystallographic ab-

plane which are intercalated by water molecules (Figure 2). 3 In a -Ni(OH)., water serves as a

3



binding agent between the Ni(OH) layers. This results in a poor orientation of adjacent layers and
thus leading to the “turbostratic” structure of a-Ni(OH)2 , where the Ni(OH)2 basal planes have
slipped out of alignment. (18]

Figure 2. The idealized crystal structure of a-Ni(OH). represented by (a) unit cell projection and
(b) ball-and-stick unit cell for x =0.67 (actual value varies, 0.41 < x < 0.7). Small (grey), large
(red), and medium size (blue) spheres represent Ni%*, OH™, and H.0O, respectively. [12]

2.1.2. Structural Disorders in Metal Hydroxides

Although metal hydroxides exhibit two fundamental phases, structural disorders resulting from the
incorporation of foreign ions, crystal defects such as stacking faults and variable hydration can lead
to variations in these two fundamental phases. The type of structural disorder existing in the parent
structure can lead to different denotations. For example, a B-Ni(OH). with stacking fault disorder
can be denoted as Bnc. ¥ Structural disorders may play an important role in the chemical behavior
of such systems. For instance, well-crystallized B-Ni(OH). was reported to exhibit a lower

electrochemical activity as compared to that of disordered p-Ni(OH).. (2%



2.1.2.1. Hydration

Taking Ni(OH): as a case study, hydrated B-Ni(OH)z, (i.e. [Ni(H20)x](OH)2, where 0.1 <x <0.4),
have been reported to be highly active in electrochemical applications. These water molecules do
not undergo hydrogen bonding with the lattice hydroxides and are weakly bound to the nickel
cations. 21 Thermal gravimetric analysis (TGA) is used to characterize the amount of surface water
and intercalated water in these samples. For example, TGA for hydrated B-Ni(OH)2 shows that at
80-90°C, surface water is removed but incorporated water may be fully eradicated only at 160°C.
[17.22-24] Besides, it has been reported that there is a loss of 10-14% of charge capacity activity for
thermally dehydrated B-Ni(OH): in electrochemical applications. 2! Interlayer spacing in hydrated
B-Ni(OH), is about 0.1 A greater than that of its dehydrated counterpart. %61 Attenuated Total
Reflectance Infrared (ATR-IR) and Raman spectroscopic analyses are typically carried out to
detect the presence of incorporated water in metal hydroxides. 2261 As water is intrinsic to their
structure, a-Ni(OH)> samples are always hydrated. TGA studies showed that compared to
dehydrated B-Ni(OH), samples, interlayer water in a-Ni(OH)2 is removed at relatively higher
temperatures of ca. 240-300 °C. [172271 However, removal of interlayer water may occur
concomitantly with the decomposition of the hydroxide to NiO. 21 On the other hand, in B-
Ni(OH)2, dehydroxylation occurs within 170-525 °C. [2¢]

2.1.2.2. Stacking Fault Disorder

Stacking faults in layered double hydroxides (LDHSs) arise from the relatively weak bonds between
adjacent layers. However, there exist relatively strong ionic bonds within the layers. 2 These faults
can be detected by considering the oxygen anion stacking sequence. For instance in Ni(OH),
sequence alters from the ideal AC AC AC AC (Figure 3) to AC BA CB AC, etc. in the presence
of stacking faults. %31 Also, in addition to the well-ordered thermodynamically favored structure,
illustrated in Figure 4a, there exists other stacking motifs. Figure 4b illustrates stacking faults
caused by a rotation about the crystallographic c-axis by 60°, while the structure shown in Figure
4c arises from the translation within the ab-plane. The third type of stacking fault occurs as a result
of the combination of these former two stacking faults. [*? Stacking faults resulting from layer
rotations cause selective line broadening in XRD patterns as the disorder is along the direction of



the crystallographic c-axis. B It must be noted that translational faults in ab-plane do not affect
XRD peaks.

> W » @™ >» W >» O

Figure 3. Section of the ideal structure of Ni(OH)2 along the (110) plane. A and B sites are filled
successively by oxygen atoms in the ideal structure and nickel ions are located at the C-site in the
center. [31]

Figure 4. Stacking fault disorders between two adjacent layers. (a) No stacking faults are present
and adjacent layers are aligned. (b) Rotation about the crystallographic c-axis. (c) Translation
within the ab-plane. [12]

2.1.2.3. lonic substitution and foreign ion incorporation
The substitution of a lattice atom (or polyatomic ion) with another species results in substitutional
point defects. This is the most common defects found in nickel-based hydroxides. When a bivalent



metal cation (M) substitutes nickel cations, a NixM1.x(OH)2 structure is obtained. Figure 5 shows
an a- Ni(OH)2 with cationic substitutions of the lattice Ni with Mn. During the preparation method,
some of the bivalent Mn oxidizes to Mn®". Oxidation of some of the Mn?* species to Mn®* results
in the formation of two co-existing phases, namely, NixMn@x)(OH). and a layered double
hydroxides (LDH). In these two distinct phases, cation distributions are not the same. Incorporated
anions either occupy lattice hydroxide sites or may sit within the interlayer region. The former
tends to be less stable owing to the mechanical stresses due to ionic size mismatch. LDH phases
may also incorporate NO3", COs%*, SO4* or CI" anions to compensate the charge of +3 cations to
maintain charge balance. This results in foreign ion incorporation to the structure, which leads to
the observation of varying gallery heights, as illustrated in Figure 5. 233 However, it must be
noted that B-Ni(OH). samples are less likely to undergo foreign ion incorporation as the adjacent
layers are closely packed.
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Figure 5. Schematic of a/B-interstratification. Here, both o and B-Ni(OH)2 phases co-exist
within a single crystal. Note that only a-Ni(OH)2 layers contain intercalated carbonate

anion impurities. [32]



2.1.2.4. a/B-Interstratification

In some metal hydroxides crystals, some of the layers are found to contain intercalated water (i.e.,
a-phase), whereas the rest are not (i.e., B-phase). These materials are defined as interstratified
phases containing both a-type as well as B-type structural motifs within the same crystal rather than
a simple mixture of the a and P crystals located in isolated domains.[3234361 This implies that these
two different domains co-exist within a single crystal and such structures are denoted as a/Bis
(Figure 5). When there is a relatively high amount of this type of structural disorder, measured
XRD patterns of the samples appear shifted and broadened. This is due to the fact that the long-
range structural order needed for diffraction measurements are drastically reduced in interstratified
materials. In the case where there is only one type of motif in a layer, the disorder is only oriented
along the crystallographic c-axis. Hence, measured XRD peaks will be selectively broadened or in

some cases, they may be lacking some of the peaks entirely. 26-%]

2.2. Metal Hydroxides and their Applications

One of the early applications of transition metal hydroxides were in battery technologies. In the
first half of the 20" century, Ni(OH). was used as an electrode material in battery applications.
Hauel reported that Ni(OH)2 combined with pure crystalline graphite served as an active anode
material while the corresponding cathode active material was CdO or Cd(OH).. These materials
performed exceptionally well. As a result, Cadmium-Nickel batteries were used in numerous
commercial applications such as signal and mine lamps, train lighting, radio sets, flash lights and
various types of military, emergency, medical, communication, electronic devices during the first
half of the twentieth century. 8 Thus, metal hydroxides have gained much attention in practical
applications like photocatalysis, electrocatalysis and electrosynthesis, supercapacitors,
electrochromic devices, electrochemical sensors and catalytic dehydrogenation of boron-based

materials.

Concerning their applications in supercapacitors, Nio.32C00.6s(OH)2 with an energy efficiency of
90% at 10 A.g-! has been reported to possess advanced capacitive performance when used as a
positive electrode in asymmetric supercapacitors.®®1 Also, AloossNiosss LDH electrode was



proposed to be a promising material for pseudo-supercapacitors because of its relatively high

charging and discharging rates. 1%

In electrochromic device applications, Mortimer et. al. demonstrated that Ni(OH)2 films showed
excellent transmittance modulation, attaining a maximum A%T of 83.2 at 432 nm. ! Hierarchical
macro-mesoporous Ni(OH)2 when used as a glucose sensor showed good selectivity, excellent
stability and reproducibility. This material was able to provide amperometric sensing of glucose
with a wide linear range (0.01-8.3 mM), a high sensitivity of 243 nA mM cm 2 and a low detection
limit of 1 pM. 42

Ultrafine NiFe nanoparticles (NPs) decorated by La(OH)s were reported to exhibit excellent
performance in the dehydrogenation of hydrazine borane (N2H4BHs) and hydrous hydrazine
(N2H4.H20) under alkaline conditions at 343 K. This catalyst had 35-fold higher turn-over-
frequency (TOF) when compared to NiFe nanoparticles (NPs). [

2.3. Heterogeneous Aerobic oxidation of Alkylarenes and Alcohols to ketones.

Catalytic functionalization of inactivated C-H bonds by precious metal-free catalysts continues to
be a challenge in the field of catalysis as it presents a huge opportunity to revolutionize the chemical
industry. [ For example, xanthone was reported to have diverse pharmacological properties. [
Studies have shown that xanthone exhibit antithrombotic 7, antioxidant P8 %1 cardiotonic,
vasorelaxant [ antiulcer, choleretic, anti-inflammatory [°% 1921 antiallergic, diuretic and
monoamine oxidase (MAO) inhibitory activity %1, In addition, xanthone derivatives come with
additional pharmacological properties, as they are known for their potent antimicrobial, antiviral,
cytotoxic, and antifungal activities. Additionally, they can be used as nutritional supplements that
improve conditions in chronic inflammatory diseases and because of their antioxidant property;
they are known to prevent premature aging. Thus, this class of compounds can be utilized as
promising chemical scaffold for the development of new pharmacophores. [l Numerous studies
exist in the literature on the aerobic oxidation of alcohols *°! but this cannot be said for the
alkylarenes. 81 Perovskites, precious PGM supported catalysts and metal oxides were utilized in
the aerobic oxidation of alkylarenes (Table 1), while there exists a single study exploiting PGM-
free metal hydroxides. %



Table 1. Literature data on heterogeneous catalytic aerobic oxidation of xanthene to xanthone.

Catalyst/

Additive

Ni_MnOx
BaFe03. 8
SrMnOs; -A. A

SrMnOs;

LaMnOs

Co-NHAp / KOH

5 wt%
| r-TiOz

Shirasagi KL
(Activated
Carbon)

Ags[PV3M0904o]
nanorods

CrCoFeO0,@G-GO

2 wt. % Au—-pDA-

rGO / NHPI

CoPc@Cellulose /

KOH, NHPI

FE(N03)3.9H20 /
KPFe

RU(OH)X/Alzos

Xanthene[mmol]/
Catalyst[mg]/

Additive[mmol]
0.2/20/--
1.0/200/ ---
0.5/100/ -

1.0/200/ ---

0.5/100/ --

&0.5/50/ -

1.0/180/0.5

1.5/75/ -

3.15/524 / -

2.0/50/ ---

1.0/120/ -

1.0/20/0.1

1.0/50/0.25,
0.06

1.0/40.4/0.2

1.0/50/ --

Oxidant /
[atm]

0./1
0./1
0./1

0./1

0./1

Air/1

0./1

0./1

0./1

Air/1

0,/10

0,/1

0,/1

0,/1

Solvent/

Volume[mL]

n-octane/ 2
PhCF3 /1
n-octane/ 2

n-octane/ 4

Heptane / 2

p-xylene / 10

Mesitylene / 1.5

m-xylene / 5

PhCN /1

o-xylene / 10

CHsCN /5

o-xylene /5

CHsCN /3

PhCFs/ 6

Temp Time

[°cl  [h]

80 2
90 96
80 12
80 24
80 24
100 8
150 12
120 50
100 10
Reflux 4
60 10
Reflux 9
80 2
100 2

Conversion

[%]

>99

96.7

90

90.5

Yield

[%]

>99

95

82

42

97

90

98

94

91

95

92

10

Ref.

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]



1,2-

Cobalt-Chit Air [15 mL
obaltChitosan /= /2371000 ATML Gichiorobenzene 80 4 95  [61]
NHPI min~]
/10
MnO,@wool 1.0/110/ --- Air/1 o-xylene / 5 Reflux 10 - 89 [62]
MnO,/cellulose 1.0/100/ --- Air/1 o-Xylene / 15 120 13 --- 94 [63]
N doped AC 38
Ai
Pd/AC 1.0/100/ --- ir/ Toluene /8 100 4 --- 25 [64]
Autoclave
Ru/AC 98
PC-Mn0O2
1.0/40/ - Air /1 -xyl 1
nanohybrid 0/40/ ir/ p-xylene / 5 00 5 95 [65]
0_
Mo-MnO; 0.5/50/ --- 0,/5 dichlorobenzene/ 150 3 - 88 [66]
1
Ni,Mn-LDH 1.0/ 200/ --- 0,/1 Dodecane /2 120 1.5 98 --- [95]

2.4. Catalytic Carbon Monoxide Oxidation at Low Temperatures

Automobile emissions is a major contributor to global warming. With the aim of minimizing these
emissions, low-temperature catalytic carbon monoxide (CO) oxidation studies have gained
attention. %71 Scientific studies reveal that during vehicle cold-start regime, exhaust emissions —
particularly CO and hydrocarbon (HC) emissions - accumulate to 50-80% emitted exhausts during
the vehicle’s entire drive cycle. (81 U.S. DRIVE has proposed a new challenge called the “150C
challenge” encouraging the development of catalysts that can reach Tgo (i.e., the temperature at
which 90% exhaust (CO, NO) conversion is achieved) at temperatures < 150 °C. 5% Despite their
high costs, PGM-based commercial benchmark catalysts perform poorly in CO and HC oxidation
below 100 °C. "%71 On the other hand, some transition metal oxides, such as CosO4 nanorods were
reported to exhibit high activity towards CO oxidation close to ambient temperatures. 7% ow
temperature CO oxidation is also a very important reaction in Proton Exchange Membrane (PEM)
fuel cell applications, where the CO (which can poison the PGM catalysts in the fuel cell electrode)
in the hydrogen feedstock needs to be oxidized at room temperature through the so called

Preferential Oxidation (PROX) reaction. [1%5-1%61 Fyrthermore, CO oxidation is also used as the most
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commonly utilized test reaction to screen the relative performance of novel oxidation catalysts with
respect to conventional PGM-based benchmark catalysts (e.g., 1wt.% Pt/Al>03). Thus, in the
current work, we aimed to fine-tune the electronic, structural, magnetic and morphological
properties of these precious metal-free transition-metal hydroxides for catalytic low temperature

CO oxidation reactions.

CHAPTER 3

3. EXPERIMENTAL
3.1. Sample Preparation / Catalyst Optimization

In order to synthesize an optimized catalyst, four major synthetic parameters were investigated as

discussed below.

3.1.2. Metal Precursor Type

During the synthesis of NixMn1-x(OH): catalysts, some of the Mn?* species are oxidized to Mn®*.
Mn®* causes transformation of the single phase NixMng-xOH). system into a two-phase system
containing NixMn-x©OH)2 and LDH. In these two different phases, cation distributions are not the
same. Incorporated anions either occupy lattice hydroxide sites or may be accomodated within the
interlayer region. The former situation tends to be less stable owing to the mechanical stresses from
ion size mismatch. LDH phases may incorporate NO3, CO3?, SO4%, CI- anions to compensate the
charge of +3 cations. Since the metal hydroxide synthesis protocols do not involve a high
temperature treatment step, nitrate, carbonate and sulfate ions result in the release of toxic gases
upon high temperature exposure of the synthesized material. [l In order to minimize such toxicity
risks, we preferred to use chloride precursors in the metal hydroxide synthesis. Accordingly,
NiCl2.6H20 (>98% purity, Sigma-Aldrich) and MnCl2.2H20 (>99% purity Merck) were used as
precursors in the catalyst synthesis.

12



3.1.2. Synthesis Method Optimization

Two different synthesis methods were utilized in the optimization of catalysts for the aerobic
oxidation reactions. These were the solvothermal synthesis method (Figure 6) and the chemical
precipitation method (Figure 7). In both methods, NiCl..6H>O (>98% purity Sigma-Aldrich),
MnCl2.2H20 (>99% purity Merck) and NaOH (>98% purity Sigma-Aldrich) were used as
precursors for the synthesis of NixMnux)(OH)2. Stoichiometric concentration of NaOH(aq)
required for the synthesis of currently investigated metal hydroxides was 2.06M. Hereafter, this
concentration will be denoted as “S”. Nio.sMno.s(OH)2 catalyst, which was synthesized in 3S NaOH
was used to compare catalytic performances corresponding to these two different synthesis

methods (i.e., solvothermal vs. chemical precipitation).

- _

NiCl: + MnCl2

soln (20mL) NaOH soln (20mL) NaOH soln NixMn(1-x)(OH)2 soln
600rpm, 0.5 hr 400rpm, 0.5 hr @1500rpm @600rpm for 1 hr

NixMn(1-x)(OH)2 130 °C
‘ soln in Teflon line ‘ 12 hrs
in Autoclave or
70 °C
72 hrs
¢
2 Dry @60 °C

Washed 24i:rs

6 times D.I. ‘ i 400mL

/f)r:f:l (:0rpm, Beaker

o

Figure 6. Illustration of NixMn(-xOH)2 synthesis via solvothermal method.
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For the solvothermal method (Figure 6), proper amounts of NiCl..6H20 and MnCl2.2H,O were
dissolved in 20 ml deionized water. In addition, a proper amount of NaOH was dissolved separately
in 20 ml deionized water. The former solution was stirred at 600 rpm and the latter at 400 rpm for
a period of 0.5 h. Prior to mixing, stirring speed was increased to 1500 rpm and two solutions were
mixed at his rate for 1 min. This mixture was further stirred at 600 rpm for 1 h after which it was
immediately transferred into a Teflon line. Then, the Teflon line was inserted into an autoclave and
heated in a drying oven at 130 °C for 12 h or 70 °C for 72 h. This mixture was washed 6 times with
deionized water by centrifuging at a rate of 6000 rpm for 3 min in four different centrifuge tubes.
This was followed by drying the obtained colloid in a 400 ml beaker at 60 °C for 24 h. A similar
procedure was used for the chemical precipitation method (Figure 7) but with the omission of the
autoclave heating step.

p
3 - . =

NiCl + MnClz.  NaOH soln (20mL) NaOH soln NixMn(1-x)(OH)z2
soln (20mL) 400rpm, 0.5 hr @1500rpm X Ix
600rpm, 0.5 hr somn

@600rpm for 1 hr

¢ < Dry
s N @60°C
7 T Y T g 6 G‘Atl'aShedD | 24 hrs
]| | imes D.I. ‘ in
—) Ty — @ 6000rpm, 400mL
) 3 mins Beaker

Figure 7. lllustration of NixMn.xOH)2 synthesis by Chemical Precipitation method.

3.1.3. Metal Cation Stoichiometric Ratio Optimization
To find the optimized nickel-manganese hydroxide catalyst synthesized by the chemical
precipitation method, which outperformed solvothermal method in terms of activity for the studied

reaction (i.e., aerobic oxidation of xanthene to xanthone), nickel and manganese ratios were varied
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whilst keeping the NaOH concentration constant at 6S. Table 2 accounts for the amounts of nickel

and manganese precursors used.

Table 2. The amount of chemicals used in the chemical precipitation synthesis method.

Mass of Mass of Mass of

Sample NiCl2.6H20, g MnCl2.6H20, g NaOH, g
Mn(OH): - 3.3333 9.8845
NiosMno.s(OH)z2 2.4473 1.6667 0.8845
Nio.sMno.4(OH):2 2.9368 1.3333 9.8845
Nio.7Mno.3(OH): 3.4263 0.9999 9.8845
Nio.sMno.2(OH):2 3.9157 0.6667 9.8845
Nio.ssMno.15(OH)z 4.1605 0.4999 0.8845
Nio.osMno.1(OH)2 4.4052 0.3333 9.8845
Nio.0sMno.15(OH)z2 4.6499 0.1667 9.8845
Ni(OH). 4.8947 - 9.8845

3.1.4. NaOH Concentration Optimization

Metal cation stoichiometric ratio optimization experiments revealed that Nig.sMno.4(OH). exhibited
the best performance in the aerobic oxidation of xanthene to xanthone. Using this optimal elemental
ratio, the concentration of NaOH was varied to find the optimized catalyst. That is, the synthesis
was carried out using 1S, 3S, 6S, 9S, 12S and 15S NaOH concentrations. Note that 15S corresponds

to the saturation concentration of NaOH in water.
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3.2. Instrumentation

3.2.1. Attenuated Total Reflectance Infrared (ATR-IR)
Bruker Alpha Platinum FTIR spectrometer equipped with a diamond ATR crystal module, and a
deuterated triglycine sulfate (DTGS) mid-IR detector was used to acquire ATR-IR spectra. ATR-

IR spectra were taken with a resolution of 2 cm™ and 128 scans per spectrum.

3.2.2. X-Ray Powder Diffraction (XRD)

A PANalytical (X’Pert PRO) Multi-Purpose X-Ray diffractometer equipped with a Cu Ko (1.5405
A) X-Ray source operating at 45 k\V//40 mA was used to obtain XRD patterns of the catalysts. The
powder samples were analyzed within 10-80° 26 range using a scan step size of 0.01° and a time
per step of 35s.

3.2.3. BET Specific Surface Area (SSA)
Brunauer, Emmett and Teller (BET) specific surface area (SSA) measurements were executed
using a Micromeritics Tristar 3000 surface area and pore size analyzer. With all samples, the filler-

rod method, which excludes sample heating, was used.

3.2.4. Transmission Electron Microscopy (TEM) & Energy Dispersive X-Ray
Spectroscopy (EDX)

FEI Technai G2F30 transmission electron microscope (TEM) was used to carry out TEM and
energy dispersive X-ray (EDX) measurements. The powdered catalysts were dissolved and
sonicated in ethanol, followed by drop casting the mixture on carbon-coated copper grids. TEM

imaging was carried out in bright-field (BF) conditions.

3.2.5. X-Ray Photoelectron Spectroscopy (XPS)

Thermo Scientific K-Alpha X-ray photoelectron spectrometer (ESCALAB 250) was used to record
XPS spectra. Monochromatic Al K, radiation (1486.6 eV) was used to stimulate photoemission.
A pass energy of 200 eV was used for survey scans while high-resolution scans were performed
with a 30 eV pass energy. C1s binding energy was set at 284.8 eV for the calibration of the binding

energies (B.E.). In survey scans, the number of scans was 2 and that for high-resolution scans were
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20. Thermo Avantage software was used in spectra analysis, where smart background was used for

background subtraction.

3.2.6. Thermal Gravimetric Analysis (TGA)
In the thermal gravimetric analysis (TGA) measurements, a TA TGA Q500 instrument was used.
In TGA experiments, 8.5 mg of the catalyst was heated under 60 mL/min N2(g) flow from 30°C to

950°C with a linear temperature ramp of 10.0 °C/min.

3.2.7. Nuclear Magnetic Resonance (NMR) Spectroscopy

A Bruker NMR spectrometer was used to record *H-NMR spectra at 400 MHz and *C-NMR
spectra at 100 MHz. An internal standard (Tetramethylsilane, TMS, 0 ppm) or residual solvent
signal (chloroform; at 77.16 ppm for *C-NMR spectra and at 7.26 ppm for *H-NMR spectra) were
used for the calibrations.

3.3. Catalytic Experiments
3.3.1. Catalytic Aerobic Oxidation of Alkylarenes and Alcohols Experiments

Proper amounts of catalysts (as stated in the activity tables and plots) and 2.0 mL of heptane
(solvent) were loaded into a 25-mL Schlenk flask. This flask was filled with 1 bar Oz (g) and then,
1 bar N2 (g) for aerobic oxidation experiments in freeze-pump-thaw experiments. Next, the reactor
was sealed. The reaction mixture was stirred at 400 rpm in an oil bath at temperatures stated in
activity tables and plots for 24 h. Then, they were cooled to room temperature, diluted with ethyl
acetate (EtOAC), (except for the 1-phenylethan-1-ol case where dichloromethane (DCM) was used
as the diluent), and passed through Celite. Flash column chromatography was used as the
purification method with the help of a Silicycle 40-63 um (230-400 mesh) flash silica gel. The

reaction setup used in the liquid phase organic oxidation reactions is presented in Figure 8.
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Figure 8. Reaction setup for the catalytic aerobic oxidations of alkylarenes and alcohols to ketones.

3.3.2. Catalytic Carbon Monoxide (CO) Oxidation Experiments

The activities of the catalysts in CO oxidation were measured within a temperature range of 25—
300 °C with a linear heating ramp of 5 °C/min under a total pressure of 1 bar. A plug flow reactor
equipped with a SRS RGA 200 Quadrupole Mass Spectrometer (QMS) was used to perform flow
mode CO oxidation experiments where the gas feed contained 1% CO, 20% O, with Ar as the
balance gas. In each catalytic CO oxidation test, 300 mg of the catalyst was mixed with 300 mg
60-120 mesh a-Al203 diluent, which served as a filler for better temperature control in the catalytic
bed. A K-type thermocouple inserted in a custom designed quartz rod was inserted into the middle
of the catalytic bed to monitor the reaction temperature. The following gas mixtures and gases (all
supplied by Linde) were used: Argon (Ar) (>99.99% purity), 2% CO in Ar (CO purity >99.99%),
Oxygen (02) (>99.99% purity), Hydrogen (H2) (>99.99% purity). For all CO oxidation reactions,
the total flowrate was 500 mL.STP.min and the total catalyst and filler volume was 0.5 mL.
General view of the plug-flow catalytic reactor used in the catalytic CO oxidation experiments is

illustrated in Figure 9.
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Figure 9. Reaction setup for the catalytic carbon monoxide (CO) oxidation. (Courtesy of Kerem
E. Ercan/Ozensoy Research Group)

Thus, the weight hourly space velocity (WHSV) and the gas hourly space velocity (GHSV)
parameters used in the catalytic CO oxidation tests were 100 000 cm®.STP.g2.h™ and 60 000 h?,
respectively. Catalytic CO oxidation tests were run in the absence (see Figure 10 for details) and
in the presence (see Figure 11 for details) of a catalyst pretreatment protocol. A standard
pretreatment protocol commonly found in the literature was applied for the 1 wt. % Pt/Al,O3

commercial benchmark catalyst, (see Figure 12 for details) for the catalytic CO oxidation studies.
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The percentage of converted CO was calculated using the following relationship where (CO)in and

(CO)out stand for the CO concentrations in the inlet and the outlet of the reactor:

(Co)in - (Co)out
CO % conversion = |————— | X 100
(€0)in

350

Step 3

300

Temperature (°C)

T T T T T T T T T
00:00 01:12 02:24 03:36 04:48 06:00
Time (HH:min)

Figure 10. Experimental details of the catalytic CO oxidation tests on metal hydroxide samples in
the absence of pretreatment protocol.

Catalytic CO oxidation tests on the metal hydroxide samples in the absence of pretreatment
included the following steps:

Step 1: Argon flow at room temperature.

Step 2: Switch to 1% CO and 20% O- in Argon (balance) at room temperature and heat the catalyst
in this gas mixture with a5 ° C/min heating ramp up to 300 °C. Note that the catalytic CO oxidation

performance data is recorded during this 2" (i.e., heating) step.

Step 3: Soak at 300 °C for 60 min in the 1% CO and 20% O- in Argon (balance) mixture.
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Step 4: Cool the catalyst with a 4 °C/min cooling ramp in the 1% CO and 20% O in Argon

(balance) mixture.

350

300

250 H

200 H

150

Temperature (°C)

100 ~

50 +

0

T T T T T T T T T
00:00 04:48 09:36 14:24 19:12
Time (HH:mm)

Figure 11. Experimental details of the catalytic CO oxidation tests carried out on metal hydroxide
samples using a pretreatment protocol.

Catalytic CO oxidation tests on the metal hydroxide samples in the presence of pretreatment
included the following steps:

Step 1: Heat the catalyst in Ar(g) with a 5 °C/min heating ramp up to 300 °C.
Step 2: Soak the catalyst at 300 °C in Ar(g) for 60 min.
Step 3: Cool the catalyst to room temperature in Ar(g).

Step 4: Switch to Ar(g) at room temperature and purge the catalyst with Ar(g) for 60 min.
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Step 5: Switch from reactor line to by-pass line and flow 1% CO and 20% O- in Argon (balance) at

room temperature. (Purpose is to attain base-line figures for CO and COy)

Step 6: Switch from by-pass line to reactor line flow 1% CO and 20% O in Argon (balance) at
room temperature. Note that the catalytic room temperature CO oxidation performance data is

recorded during the 6" step.

Step 7: Heat the catalyst in Ar(g) with a 5 °C/min heating ramp up to 300 °C. (Purpose is for catalyst

surface regeneration)

Step 8: Soak the catalyst at 300 °C in Ar(g) for 60 min.

Step 9: Cool the catalyst to room temperature in Ar(g).

Step 10: Soak the catalyst at room temperature in Ar(g) for 60 min.

Step 11: Heat the catalyst in 1% CO and 20% O- in Argon (balance) with a 5 °C/min heating ramp
up to 200 °C. Note that the catalytic CO oxidation performance data is also recorded during the

11" (i.e., heating) step.
Step 12: Soak the catalyst at 200 °C in 1% CO and 20% O in Argon (balance) for 60 min.

Step 13: Cool the catalyst to room temperature in 1% CO and 20% O in Argon (balance).
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Figure 12. Experimental details of the catalytic CO oxidation tests carried out on 1 wt.% Pt/Al>O3
benchmark catalyst using a pretreatment protocol.

Catalytic CO oxidation tests on the 1 wt.% Pt/Al,Os benchmark catalyst in the presence of
pretreatment included the following steps:

Step 1: Heat the catalyst in 4 % H> (g) balanced with Ar(g) using a 5 °C/min heating ramp up to
400 °C.

Step 2: Soak the catalyst in 4 % H> (g) balanced with Ar(g) at 400 °C for 60 min.
Step 3: Switch to Ar(g) and soak the catalyst at 400 °C for 30 min in Ar(Q).
Step 4: Switch to 20 % O2 in Ar(g) balance and soak the catalyst at 400 °C for 60 min in Ar(g).

Step 5: Cool the catalyst in 20 % O in Ar(g) balance to room temperature with a 4 °C/min cooling

ramp.
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Step 6: Switch to Ar(g) at room temperature and purge the catalyst with Ar(g) for 60 min.

Step 7: Switch to 1% CO and 20% O- in Argon balance at room temperature. Catalytic performance

in this stage is discussed as the low-temperature activity later in the text.

Step 8: Switch to 4 % H> (g) balanced and heat the catalyst using a 5 °C/min heating ramp up to
400 °C.

Step 9: Soak the catalyst in 4 % H> (g) balanced with Ar(g) at 400 °C for 60 min.
Step 10: Switch to Ar(g) and soak the catalyst at 400 °C for 30 min in Ar(g).
Step 11: Switch to 20 % O in Ar(g) balance and soak the catalyst at 400 °C for 60 min.

Step 12: Cool the catalyst in 20 % Oz in Ar(g) balance to room temperature with a 4 °C/min cooling

ramp.
Step 13: Switch to Ar(g) at room temperature and purge the catalyst with Ar(g) for 60 min.
Step 14: Switch to 1% CO and 20% O in Argon balance at room temperature

Step 15: Heat the catalyst to 300 °C with a 5 °C/min heating ramp. This stage is used in the reporting

of the catalytic activity.
Step 16: Soak the catalyst in 1% CO and 20% Oz in Argon balance at 300 °C for 60 min.

Step 17: Cool the catalyst in in 1% CO and 20% O in Argon balance to room temperature with a 4

°C/min cooling ramp.
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CHAPTER 4

4. RESULTS AND DISCUSSION
4.1. Catalytic Oxidation of Organics in Liquid Phase

4.1.1. Catalytic Performance Tests for Xanthene Oxidation to Xanthone on
Bimetallic Hydroxides (NixMn;.x(OH),)

In an attempt to search for an optimized catalyst in xanthene oxidation to xanthone, we performed
catalytic performance tests on various bimetallic hydroxides, which were synthesized using various
synthetic parameters. As mentioned earlier, influence on three different synthetic parameters on
the catalytic performance was investigated: i) type of synthesis method (i.e., solvothermal vs.
chemical precipitation), ii) Stoichiometric ratio of Ni/Mn (i.e., nominal relative active metal
loading), iii) NaOH concentration. Effect of each of these parameters will be discussed in detail in

the forthcoming sections.

4.1.1.1. Influence of the Synthesis Method.

Two major synthesis methods were exploited in the optimization of the NixMn1.x(OH)2 catalysts
for aerobic oxidation reactions. Along these lines solvothermal and chemical precipitation methods
described in Sections 3.1.2 above were utilized by keeping Ni/Mn cation ratio constant at a value
of 1 (i.e., NiosMnos(OH)2) while also setting the base concentration fixed at [NaOH(aq)] = 3S (i.e.,
6.18 M). Xanthene oxidation experiments were carried out as described in Section 3.3.1, where the
quantitative analysis of reactants remaining after the reaction as well as the products formed was
carried out via *H-NMR spectroscopy. Results of these catalytic activity tests are summarized in

Figure 13.

In the solvothermal synthesis method (Figure 6), two different samples were synthesized by
varying the final drying temperature and duration, where in the first sample, drying was performed
at 130 °C for 12 h, while in the second sample, it was carried out at 70 °C for 72 h. In the chemical
precipitation method, the protocol summarized in Figure 7 is used. In these catalytic performance
tests, 10 mg catalyst was used in each run, where the catalyst was placed inside a Schleck tube

containing 0.5 mmol of xanthene dissolved in 2 mL of heptane at 1 bar molecular oxygen.
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Figure 13 indicates that the catalyst prepared via the chemical precipitation method significantly
outperforms the catalysts prepared using the solvothermal method. Thus, in the rest of the study,
chemical precipitation method was preferred and the influence of the remaining synthetic

parameters were investigated.

O 10 mg catalyst, heptane O O
o 1 bar O,(g), 80°C, 24 h o

0.5 mmol

Xanthene Conversion %

Solvothermal Method Chem. Precip. Method

Figure 13. Catalytic activity data for Nio.sMnos(OH): catalysts prepared via solvothermal and
chemical precipitation methods in the aerobic oxidation of xanthene to xanthone. S stands for the
stoichiometric NaOH(aq) concentration (i.e., 2.06 M).

4.1.1.2. Influence of the Relative Active Metal Loading
In an attempt to find the optimal metal precursor loading for the NixMn1.x(OH)2 catalyst, varying

amounts of nickel and manganese precursors were used (Table 2) in the chemical precipitation
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protocol, while keeping the NaOH concentration at 6S. NaOH concentration of 6S was used rather
than 3S to utilize hydroxide anions in excess cation charge compensation. Hence, reducing the
amount of chloride anions that get intercalated for excess cation charge compensation. Since the
catalytic xanthene conversion % values could be significantly increased by modifying the Ni/Mn
ratio in the catalysts, a smaller amount of catalyst (i.e., 5 mg) was used in this set of catalytic

performance tests.

It can be seen in Figure 14 that monometallic hydroxides i.e., Mn(OH). and Ni(OH)2 exhibit the
lowest xanthene conversions of 4% and 7%, respectively. Interestingly, incorporation of only
0.05% Mn active sites to the monometallic Ni(OH)2 hydroxide structure leads to a drastic boost in
xanthene conversion, where the activity increases by more than 5-fold for Nio.9sMno.os(OH)2. This
important observation implies that a synergistic interaction exists between Ni and Mn sites in
bimetallic NixMn1.x(OH)2 hydroxides, where the electronic, catalytic and chemical properties of
these nanomaterials can be fine-tuned by modifying the relative metal loadings of different active
metal cations. Figure 14 also reveals a typical volcano-type plot revealing an optimum relative
metal cation loading ratio, where the maximum catalytic activity in xanthene oxidation is observed
for Nio.sMno.4(OH)a.
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Figure 14. Catalytic activity data for NixMn1.x<(OH) catalysts in the aerobic oxidation of xanthene
to xanthone. Catalysts were prepared via chemical precipitation method using various Ni and Mn
precursor amounts and a NaOH(aq) concentration of 6S. S stands for the stoichiometric NaOH
concentration (i.e., 2.06 M).

4.1.1.3. Influence of NaOH Concentration.

After determining the optimized synthesis method and the optimum metal precursor loadings, the
final optimization set focused on the effect of NaOH(aqg) concentration used in the synthesis. In
this optimization set, the best catalyst in the previous two optimization sets (i.e., Nio.sMno.4(OH)2
synthesized via chemical precipitation method) was synthesized using various NaOH(aq)

concentrations. Figure 15 illustrates the corresponding catalytic xanthene oxidation activity test

28



results. As can be seen in Figure 15, extremely low or extremely high NaOH(aqg) concentrations
lead to limited xanthene oxidation activities, where the catalytic performance is maximized for 9S
(S stands for the stoichiometric NaOH(aq) concentration of 2.06 M).

(o)
O O 5 mg catalyst, heptane O O
o 1 bar O4(g), 80°C, 24 h o

0.5 mmol

Xanthene Conversion %

42%
i 16% | | | | i

Nio.sMno.4(OH)2

Figure 15. Catalytic activity data for Nio.sMno.4(OH)2 catalysts in the aerobic oxidation of xanthene
to xanthone. Catalysts were prepared via chemical precipitation method using various NaOH(aq)
concentrations. S stands for the stoichiometric NaOH concentration (i.e., 2.06 M).
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4.1.2. Catalytic Performance Data for the Heterogeneous Aerobic Oxidation of
Xanthene to Xanthone Present in the Literature

Heterogeneous catalytic aerobic oxidation of xanthene to xanthone was investigated in various
studies in the literature. 7% Figure 16 illustrates a graphical compilation of the data given in
Table 1 where the results were normalized to 0.5 mmol xanthene (as the starting material) for easy
comparison.

80°C
1 bar Oz

Nio.sMno.4(OH)2

7mg
[96]
1 bar 02,80°C

[1 Conversion

() Isolated Yield

* Additive was Used

* NHPI: N-Hydroxyphthalimide
*KPFs : Potassium
hexafluorophosphate

Figure 16. Graphical compilation of the literature data given in Table 1 for the heterogeneous
catalytic aerobic oxidation of xanthene to xanthone. Note that the catalyst amounts were
normalized to 0.5 mmol substrate (i.e., xanthene) amount. Chemicals with (*) correspond to
external additives included in the reaction mixture to boost catalytic performance. References for
the catalysts can be found in Table 1.
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In Figure 16, catalytic performance values reported in the literature are illustrated using a
circular hierarchy, where the catalysts in the outer regions are less active (in terms of per gram of
catalyst used for a given activity %), while the catalysts in the inner circles are more active. The
bull’s eye (i.e., the center) represents the most active catalyst in the literature (which is the
optimized catalyst reported in the current work, i.e., NiosMno.4(OH)2-9S. The outermost circle lists
different reaction conditions (e.g., reaction duration, O pressure, and temperature) used in different
studies. The region between the 2" and the 3™ circles from the center lists typically PGM-free

catalysts, while the region between the 1% and the 2" circles list the PGM-containing catalysts.

Figure 16 clearly indicates that Nio.sMno.4(OH).-9S catalyst developed in the current work
outperforms all of the PGM-containing and PGM-free catalysts in the literature by yielding 96%
xanthene conversion using the lowest catalyst amount (i.e., 7 mg) at the lowest O pressure (i.e., 1
bar) and at one of the lowest reaction temperatures (i.e., 80 °C). Furthermore, Nio.sMno.4(OH)2-9S
catalyst can offer 96% xanthene conversion within a short reaction duration of 12 h, suggesting a
an extremely fast kinetics as compared to the existing catalysts in the literature. Furthermore, unlike
some of the high performing catalysts given in Figure 16, which require inclusion of various
additives, promoters, or performance boosters (labeled with * in Figure 16), Nio.sMno4(OH)2-9S
catalyst does not require the use of any additives rendering it economically and ergonomically the
most preferable catalyst. In some other cases, high performance was obtained by refluxing of the

solvent, which is also not required for Nio.sMng.4(OH)2-9S.

It should also be emphasized that in one of our very recently published studies (Y. Sahin,
A. T. Sika-Nartey, E. Ozensoy, and Y. E. Tirkmen et al. ACS Applied Materials & Interfaces,
2021, accepted in press, Ref 51), we reported a highly active LaMnO3 perovskite catalyst, where
the 91 % xanthene conversion achieved with 50 mg of LaMnOzin 24 h can now be achieved using
only 7 mg Nio.sMno.4(OH).-9S catalyst in 12 h under same reaction conditions. Therefore, it is clear
the currently reported precious metal-free NigsMno.4(OH)2-9S mixed metal hydroxide catalyst
provides an order of magnitude improvement in the amount (mass) of catalyst needed for >90 %

xanthene conversion.
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4.1.3. Demonstration of the Wide Utility of NigesMno4(OH),-9S Catalyst in the

Aerobic Oxidation of Other Alkylarenes to Ketones.

In order to demonstrate that the extraordinary catalytic activity of the Nio.sMno.4(OH).-9S catalyst
developed in the current work is not only limited to the oxidation of xanthene, we tested this
catalyst in the aerobic oxidation of other alkylarenes. Furthermore, to prove the catalytic power of
the NiosMno.4(OH)2-9S catalyst, we chose substrates (i.e., reactants) with increasing homolytic
bond dissociation energy (BDE). [® 78 Typically, catalytic oxidation of substrates with higher

homolytic BDE can be more challenging.

Thus, Table 3 lists the catalytic oxidation tests with the NiosMno4(OH)2-9S catalyst on the
substrates which produced successful results, while Table 4 shows the data for the substrates which
yielded unsuccessful results (due to low catalytic activity or due to other technical issues
concerning product and solvent separation). For all reactions, the reaction duration was 24 h, the
solvent was n-heptane, and the molecular oxygen (O2) pressure was fixed at 1 bar. Both tables
report the corresponding catalyst amount and the reaction temperature for each entry. Table 3
shows that, as the catalytic oxidation becomes more challenging with increasing homolytic BDE
of the substrate, use of higher reaction temperatures and greater catalyst amounts were required for

such substrates.

In overall, Table 3 verifies that the superior catalytic oxidation capability and high selectivity of
the NiosMno.4(OH)2-9S catalyst is not only limited to xanthene and it can be used in the selective

oxidation of a wide variety of other alkylarene substrates in a successful and efficient manner.
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Table 3. Successful attempts of catalytic aerobic oxidation of various alkylarenes to ketones using
Nio.sMno.4(OH)2-9S. For all reactions, the duration was 24 h and the solvent was n-heptane. [a]
Homolytic Bond Dissociation Energy (B.D.E.) of the reactant organic compounds.

.. Homolytic
Name & Catalyst Rxn Conversion Selectivity BDE
Product Amount Temperature Ketone /
Structure N % (kcal/mole)
(mg) (°C) Alcohol [a]
(0]
7 80 >99 100/0 80.7
xanthene xanthone
(0]
T
fluorene fluorenone
(0]
20 110 92 100/0 84.5
diphenylmethane benzophenone
(0]
99 o
20 110 96 100/0 -
isochroman isochromanone

Table 4 shows a substrate scope for the unsuccessful attempts of catalytic oxidation using
Nio.sMno.4(OH)2-9S. Adamantane and cis-decalin have relatively high homolytic B.D.E. and hence
the reaction temperature was increased to 150 °C. Due to this, the solvent had to be changed from
n-heptane (since it was not stable at that temperature) to n-decane. In both cases 30 mg catalyst
amount was used. After 24 h of reaction, a brown color was observed in the reaction medium
indicating the formation of products in both cases. However, due to the limited volatility of n-
decane, the product(s) could not be isolated even under vacuum conditions for multiple days.
Further studies are ongoing to isolate the products from n-decane medium. For the aerobic
oxidation of menthol and indan, no reaction was detected at 80 ‘C and 110 “C, respectively.
However, we believe that harsher reaction conditions (such as 150 °C) may yield successful results.

Such experiments will be carried out after resolving the n-decane volatility issue.
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Table 4. Unsuccessful attempts of catalytic aerobic oxidation of alkylarenes to ketones using
Nio.sMno.4(OH)2-9S. For all reactions, the duration was 24 h and the solvent was n-heptane unless
otherwise specified. [a] Homolytic Bond Dissociation Energy (B.D.E.) of the reactant organic

compounds.
Name & Catalyst Rxn Conversion Homolytic BDE
Product Amount Temperature (kcal/mole)
Structure o %
(mg) (°C) [a]l
H o :
i n-decane:
CO B 30 150 . -
P A volatility
cis-decalin e problem
OH
n-decane:
30 150 volatility 98.5
problem
adamantane
adamantanol
J/", J//" NO
20 80 . =
HO 0 Reaction
menthol menthone
O
No
@Q @Eﬁ 20 110 | 85.9
Reaction
indan indanone
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4.1.4. Demonstration of the Wide Utility of NigesMno4(OH),-9S Catalyst in the

Aerobic Oxidation of Alcohols to Ketones.

Additionally, to test the effectiveness of the optimized NigsMno.4(OH)2-9S catalyst towards a
different set of organic substrate scope, two different alcohol substrates were considered with
different homolytic B.D.E. As illustrated in Table 5, optimized NiosMno4(OH)2-9S catalyst
showed a superior activity towards the catalytic aerobic oxidation of both diphenylmethanol and
1-phenylethan-1-ol.

Table 5. Successful attempts of catalytic aerobic oxidation of alcohols to ketones using
Nio.sMno.4(OH)2-9S. For all reactions, the duration was 24 h and the solvent was n-heptane. [a]
Homolytic Bond Dissociation Energy (B.D.E.) of the reactant organic compounds.

Homolytic BDE

Name & Structure Product Catalyst Rxn Terr:perature Conversion % (kcal/mole)
Amount (mg) (°C) [a]
OH (o)
10 80 >99 75.4
diphenylmethanol benzophenone
OH (0]
©)\ ©)‘\ 30 80 >99 88.3
1-phenylethan-1-ol acetophenone

4.2. Characterization and Spectroscopic Studies

In the previous sections, we demonstrated that mixed metal hydroxide systems can be synthetically
fine-tuned in order to optimize their catalytic oxidation activity and selectivity toward a wide
variety of alkylarenes and alcohols. In this section, we will provide experimental results to shed
light on the structural origins of the enhanced catalytic performance of these novel catalytic

systems. Along these lines, structure of this novel nanomaterial architecture was studied using a

35



multitude of characterization techniques including ATR-IR, XRD, BET-SSA, TGA, TEM, EDX,
and XPS.

4.2.1. Vibrational Structural Analysis via Attenuated Total Reflectance — Infrared
(ATR-IR) Measurements
Bode et. al. reported that two different pseudopolymorphs of Ni(OH). exist (a.-phase and 3-phase).

[131 One of the efficient methods to identify these different phases involves vibrational
spectroscopy. Particularly, ATR-IR investigation of the -OH spectroscopic features within 3000-
4000 cm™ can be useful to distinguish between the different Ni(OH). pseudopolymorphs (Figure
17). This is mostly due to the fact that while the o-phase has incorporated water molecules which
are H-bonded to each other resulting in the observation of a broad and a convoluted vibrational
signature within 3000-3600 cm™. In contrast, B-phase contains isolated hydroxide functionalities
yielding sharp and blue-shifted vibrational peaks at >3500 cm™. Obviously, Ni(OH). structures
containing both o and B-phases reveal a combination of these aforementioned -OH vibrational

signatures (Figure 17).

- JNiZ"' a Ni2+ J JJ - T
¢ @ . @ “
OH OH

B o °®
29 o ! . H,O
2 J g9
a8e
B a 9
p-Phase a-Phase
4000 3000

Wavenumber (cm?)

Figure 17. Typical -OH vibrational features observed in ATR-IR spectroscopy for different phases
nickel hydroxides. [79]
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Low frequency region (i.e., features located below < 1400 cm™ as well as their overtones at higher
frequencies) of the ATR-IR spectra of metal hydroxides (Figure 18) can also be highly
informative, as they reflect well-known characteristic vibrational features associated with
particular lattice phonons which are due to the concerted oscillations of metal cations and
hydroxide ions throughout the entire solid (e.g., Alg + acoustic mode, Eg + A2y (TO), E¢g+Ey (TO)
modes etc.). " Note that the optical components of the ATR-IR spectrometer used in the current
work included a diamond ATR crystal with a low frequency cut-off at 100 cm™ and a KBr beam
splitter with a low frequency cut-off at 350 cm™. Thus, the lowest achievable frequency that can
be safely measured in the current ATR-IR spectra was ca. 400 cm™ that allowed confident analysis
of the low frequency metal hydroxide phonons. In addition to these features, within 1200-1000 cm®
! Ey (LO) O—H bending modes were also visible due to the hydroxide ions in the metal hydroxide

structure. [

Figure 18 shows the ATR-IR spectra for NixMn1.x(OH)2 catalysts used in the aerobic oxidation of
xanthene to xanthone. These catalysts were prepared via chemical precipitation method using
various Ni and Mn precursor amounts and a NaOH(aq) concentration of 6S. It is apparent that
while pure Ni(OH)2 (x = 1) reveals a B-Ni(OH): structure, pure Mn(OH). (x = 0) shows a a-
Mn(OH)> structure. On the other hand, Nio.sMno.4(OH)2 which is the most active mixed metal
hydroxide catalyst in this series exhibits a predominantly a-phase where a minor contribution from
B-phase cannot be ruled out. It is important to emphasize that the ATR-IR data given in Figure 18
clearly indicate that the structure of the mixed metal hydroxides can be accurately fine-tuned by

modifying the Ni/Mn cation content.
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Figure 18. ATR-IR spectra for NixMnix(OH)2 catalysts. Catalysts were prepared via chemical
precipitation method using various Ni and Mn precursor amounts and a NaOH(aqg) concentration

of 6S. S stands for the stoichiometric NaOH concentration (i.e., 2.06 M).

Figure 18 presents the ATR-IR spectra for NixMnix(OH). catalysts prepared via chemical
precipitation method using various Ni and Mn precursor amounts and a NaOH(aqg) concentration
of 6S. It can be inferred from Figure 18 that, NixMnix(OH). synthesized with NaOH(aq)
concentrations of 6S, where 0 < x < 0.7 predominantly exhibit a-phase. On the other hand, higher
Ni precursor amounts, i.e. 0.8 <x <0.95 leads to the presence of both o and B-phases. And Ni(OH)>
exhibit only B-phases. The lowest frequency peaks at 437 and 473 cm™ in Figure 18b can be
attributed to typical “Alg + acoustic mode” combination signals of metal hydroxides, while the
next set of slightly higher frequency features at 504, 525, and 596 cm can be assigned to Eq + Az,
(TO) or Eq +E, (TO) combination modes of metal hydroxides. "® The weak feature at 836 cm™
can also be tentatively assigned to MNnOOH minority species. [1°1 Bands at 947 and 1067 cm™ are

ascribed to Ey (LO) O—H bending modes of metal hydroxides. '® Vibrational signatures at 1358
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and 1450 cm™ are due to Eq + Az (TO) combination bands.[”®! Finally, the peak at 1630 cm™ is

associated with adsorbed water molecules on the surface. [

Figure 19 presents the ATR-IR spectra for NiosMno4(OH). catalysts prepared via chemical
precipitation method using various NaOH(aq) concentrations. It can be inferred from Figure 19
that, Nio.sMno.4(OH)2 synthesized with NaOH(aq) concentrations of 1S, 3S and 6S predominantly
exhibit a-phase. On the other hand, higher concentrations of NaOH(aq) leads to the presence of
both o and B-phases. Thus, it is clear that the ultimately optimized xanthene oxidation catalyst
Nio.sMno.4(OH)2-9S contains both o and B-phases. Same peak assignments made in Figure 18 can
be made here. A detailed ATR-IR spectrum of the optimized Nio.sMno.4(OH)2-9S catalyst is also

given in Figure 20.

a. 3624 3487

3307

Absorbance / a.u.

Increasing NaOH Conc.

T T T T T T
3600 3000 2400 1800 1600 1400 1200 1000 800 600 400

Wavenumber / cm™

Figure 19. ATR-IR spectra for NigsMno.4(OH) catalysts. Catalysts were prepared via chemical
precipitation method using various NaOH(aq) concentrations. S stands for the stoichiometric
NaOH concentration (i.e., 2.06 M).
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Figure 20. ATR-IR spectra for Nio.sMno.4(OH)2-9S catalyst prepared via chemical precipitation

method S stands for the stoichiometric NaOH concentration (i.e., 2.06 M).
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4.2.2. Analysis of the Crystal Structure via X-Ray Diffraction (XRD) Measurements
XRD data acquired from metal hydroxide systems can reveal the type of structural disorders within
the crystal structure. Stacking fault disorders (Figure 4) and o/p-interstratifications (Figure 5)
were reported to have an impact on the measured XRD peaks. [*?! Strong intra-layer interactions
between ions within the layered double hydroxide sheets along with the relatively weak inter-layer
interactions between these layers cause stacking faults in these systems. Rotational faults result in
selective line broadening in XRD peaks as it occurs along the direction of the crystallographic c-
axis. However, in the case of the presence of a/p-interstratifications, XRD peaks appear even

further shifted and broadened. 1232

Figure 21 shows the effect of metal precursor loading on the crystal structure of NixMn.x(OH):
samples synthesized with a NaOH(aq) concentration of 6S. It can be seen that the diffraction signal
at ca. 20 = 18.6° in Figure 21b reveals increasing broadening with increasing Ni content in the
crystal structure. This peak broadening can be attributed to rotational stacking faults. Figure 21b-
c indicate that for 0.5 < x < 0.7, no apparent peak shifts were observed in the XRD features, while
peak broadening continues to exist. For x values of 0.8 to 0.95, peak shifts are clearly visible. In
light of these observations, it can argued that NiosMnos(OH)2, NiosMnos(OH), and
Nio.7Mno.3(OH). synthesized with a NaOH(aq) concentration of 6S exhibit the a-phase. However,
Nio.sMno.2(OH)2, Nio.gsMng.15(OH)2, Nio.sMno.1(OH)2 and Nio.9sMno.os(OH)2 reveal both o and -
phases. It should be noted that these XRD assignments are in good agreement with the ATR-IR
data (Figure 18) discussed in the former section.
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Figure 21. XRD data for NixMnix(OH). catalysts. Catalysts were prepared via chemical
precipitation method using various Ni and Mn precursor amounts and a NaOH(aq) concentration
of 6S. S stands for the stoichiometric NaOH concentration (i.e., 2.06 M).
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Figure 22. XRD data for NiosMno4(OH). catalysts. Catalysts were prepared via chemical
precipitation method using various NaOH(aq) concentrations. S stands for the stoichiometric
NaOH concentration (i.e., 2.06 M).

Figure 22b shows that Nio.sMno.4(OH). synthesized with NaOH(aq) concentrations of 1S, 3S, and
6S exhibit peak broadening around 38.7° without any discernible peak shifts. Such broadening can
be ascribed to the presence of rotational faults in the crystal structure. However, corresponding
samples synthesized with NaOH(aqg) concentrations of 9S, 12S, and 15S reveal peak shifts within
the ranges of 39.2° to 39.6°. These peak shifts are attributed to o/f interstratifications. Hence, it is
apparent that the ultimately optimized Nio.sMno.4(OH).-9S catalyst for xanthene oxidation contains

rotational faults as well as o/ interstratification structural disorders.
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4.2.3. Specific Surface Area Analysis via BET Measurements

Figure 23 shows the BET SSA measurements for NixMn1x(OH). catalysts with various Ni/Mn
ratios synthesized with a NaOH(aqg) concentration of 6S. It is seen that Mn(OH). possesses the
lowest BET SSA value of 24 m?/g, while Ni(OH): has the highest BET SSA value of 179 m%/g. It
is seen that increasing Ni content in the mixed metal hydroxide structure typically increases the
SSA value. For a NaOH(aq) concentration of 6S, the best catalyst showing the highest xanthene
oxidation activity is NiosMno.4(OH). with a SSA of 120 m?/g. Data given in Figure 23 point out
to the fact that SSA is not the foremost structural property governing the ultimate catalytic
reactivity since the catalyst with the highest SSA of 179 m?/g (i.e., Ni(OH).-6S) has a lower activity
than that of Nio.sMno.4(OH)2-6S.
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Figure 23. BET SSA values for NixMn1.x(OH). catalysts. Catalysts were prepared via chemical
precipitation method using various Ni and Mn precursor amounts and a NaOH(aq) concentration
of 6S. S stands for the stoichiometric NaOH concentration (i.e., 2.06 M).
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Figure 24. BET SSA values for Nio.sMno4(OH): catalysts. Catalysts were prepared via chemical
precipitation method using various NaOH(aqg) concentrations. S stands for the stoichiometric
NaOH concentration (i.e., 2.06 M).

Figure 24 suggests that NiosMno.4(OH)2-1S has the highest SSA value which is consistent with the
broad XRD peaks observed in Figure 22 for this material indicating poor structural order, high
porosity, and a large number of structural imperfections/defects. It is apparent that a NaOH(aq)
concentration of 1S is not sufficient for the establishment of an ordered o or B-metal hydroxide

phases limiting the corresponding catalytic reactivity, despite a very high SSA of 129 m?/g.

It can be realized that for higher NaOH(aq) concentrations than 1S, Nig.sMno.4(OH): catalysts show
a volcano-type plot, where the SSA maximizes at 9S. Thus it can be argued that for NaOH(aq) >
1S, o/p mixed metal hydroxide domains can be constructed in an effective manner and increasing
the base concentration up to 9S leads to the efficient hydroxylation of the metal hydroxide layers
and possibly exfoliation of the 2D metal hydroxide layers resulting in increasing SSA. For
excessive NaOH(aq) concentrations of > 9S, basic medium starts to damage the catalyst structure
by increasing the relative abundance of B-domains as evident by the current XRD (Figure 22) and
ATR-IR (Figure 19b) results. In addition, excessive hydroxylation of the catalyst surface at
NaOH(aqg) concentrations > 9S can also lead to the poisoning of the active metal cations on the

surface by blocking these sites via -OH adsorption.
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4.2.4. TEM and EDX Analysis

TEM images of the optimized NiosMno4(OH)2-9S catalyst reveal a unique morphology (Figure
25). Two dimensional (2D) and layered structure of the NiosMno.4(OH)2-9S catalyst is evident in
the TEM data in Figure 25, where Nio.sMno.4(OH)2-9S nanoparticles show a hexagonal/polyhedral
geometry with an average diameter of 5-15 nm. Structural information deduced from TEM images
are also consistent with the corresponding XRD data (Figure 22) suggesting the presence of a
layered double hydroxide (LDH) crystal structure.

Figure 25. TEM images of the optimized Nig.sMno.4(OH)2-9S catalyst.
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Figure 26. a.-e. TEM-EDX elemental mapping, f. EDX atomic percentages, g. EDX spectrum of
the optimized Nio.sMno.4(OH)2-9S catalyst.

TEM/EDX analysis of the optimized Nio.sMno.4(OH)2 catalyst (Figure 26) verifies the co-presence
of both Ni and Mn in the 2D catalyst particles where the atomic composition ratio of Ni:Mn was
found to be 20.8:12.4, which corresponds to a stoichiometry of Nio.ssMno.37(OH)2, in excellent
agreement with the nominal metal precursor loading used in the synthesis. EDX data also clearly
indicates that the chloride ions of the metal precursors are entirely replaced with hydroxide
functionalities during the synthesis which was carried out under basic conditions (i.e., NaOH(aq)
of 9S = 18.54 M).

4.2.5. Surface Chemical and Electronic Structural Analysis via XPS Measurements
Surface atomic compositions of the synthesized mixed metal hydroxide samples were investigated
via XPS (Figures 27 and 28). Figure 27 illustrates that surface concentration of Ni atoms
monotonically increase with the increasing nominal Ni precursor concentration used in the
synthesis. Furthermore, Figure 28 shows that varying NaOH(aq) concentrations used in the

synthesis does not yield a clear trend in the surface atomic composition of the elements present on
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the catalysts. However, the data given in Figure 28 clearly points out to the fact that a NaOH(aq)
concentration of 1S is not sufficient to remove all of the chloride ions coming from the metal
precursors and the complete chloride removal is observed for NaOH(aq) concentrations > 9S. It
can also be argued that chloride ions detected in some of these mixed metal hydroxides enable
charge compensation (i.e., electrical neutrality) of the overall ionic structure. As will be shown in
the analysis of the Mn3s XPS data, oxidation of a Mn?* sites to mostly Mn®* species and with a
lesser extent to and Mn** species during the synthesis necessitates the presence of additional anions

in the structure to compensate for the increasing cationic charge.
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Figure 27. XPS surface atomic composition values for NixMn1.x(OH). catalysts. Catalysts were
prepared via chemical precipitation method using various Ni and Mn precursor amounts and a

NaOH(aq) concentration of 6S. S stands for the stoichiometric NaOH concentration (i.e., 2.06 M).
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Figure 28. XPS surface atomic composition values for Nio.sMno.4(OH). catalysts. Catalysts were
prepared via chemical precipitation method using various NaOH(aq) concentrations. S stands for
the stoichiometric NaOH concentration (i.e., 2.06 M).

To further understand how Mn changes its oxidation state for Nio.sMno.4(OH). synthesized from
various NaOH concentrations, a vital XPS feature that had to be considered was the peak splitting
in the Mn 3s spectra. The Mn 3s core level peak splitting arises from the exchange coupling
between the 3s hole and the 3d electrons. The magnitude of this peak splitting is proportional to
(2X+1), where X is the local spin of the 3d electrons in the ground state. % Kisinger et. al.
explained that the 3s peak splitting arises from the multiple final states in the core level XPS of 3d
transition metal compounds during the screening process. During this process, the ejection of a
core electron leads to a number of final states. In 3d transition metal compounds, two major final
states exist after the ejection of a core electron. One in which the electronic state of the ground state
is preserved and the other in which an electron is transferred from the ligand onto the transition
metal ion. In Mn, when valence d" configuration and the ligand configuration L hybridize to form
a bonding and an antibonding orbital, d"L configuration is the lowest one while d"L?
configuration is the highest one in the final state. These final state configurations exhibit a net spin
and when this spin interact with the spin of the core hole, peak split in 3s spectrum is observed. %€
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Although the Mn 2p signal is the most intense peak for Mn, due to its convoluted nature, it is not

very sensitive to the changes in oxidation state of the surface Mn species.
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Figure 28. a) Mn 3s spectra, b) Binding energy splitting values of the Mn 3s signals (A Mn 3s), ¢)
Average oxidation state of surface Mn species for NigsMno4(OH)2 synthesized with different

NaOH(aq) concentrations. S stands for the stoichiometric NaOH concentration (i.e., 2.06 M)
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However, peak splitting values of Mn 3s can give useful information on the changes in oxidation
state of the surface Mn species. This peak splitting value when inserted into the equation, AOS =
8.95-1.13A, M7 can allow estimation of the average oxidation state of the surface manganese

species.

In light of the XPS analysis, NiosMno.4(OH)2-9S i.e., the ultimately optimized catalyst, exhibited
the smallest surface Mn average oxidation state of +3.3 (Figure 28c). Hence, in addition to the
other structural factors described above, unique surface Mn oxidation sate in Nio.sMno4(OH)2-9S
seems to be closely related to its superior catalytic activity in aerobic oxidation of xanthene to

xanthone.

4.2.6. Thermal Stability Analysis via TGA Measurements

TGA analysis can be quite informative to avoid catalyst destruction during the regeneration and
pretreatment protocols which can be designed to elongate catalyst life-time. Weight loss events
observed in the TGA experiment presented in Figure 29 can be divided into four stages. In the first
stage, a weight loss of 5.2% was detected at 102 °C. The second stage led to a 11.4% weight loss,
at 230 °C. The third and fourth stages corresponded 1.7% and 2.1% weight losses at 413 °C and
624 °C, respectively. These four different stages of weight loss can be explained using the former
literature studies. [*? The first stage can be attributed to the removal of chemisorbed water from
the surface. In the second stage, most of interlayered bulk water desorbed from the material. During
the third stage, dehydroxylation process began and at the end of the fourth stage, the metal

hydroxide phase was completely dehydroxylated and converted destroyed to oxide phase(s).

With this in mind, we decided to choose 300 °C (i.e. end of the second weight loss stage in the
TGA data) as the regeneration and pretreatment temperature in an attempt to preserve the structural
integrity of the material, while thermally removing unwanted species from the catalyst surface for

the rejuvenation of the material.
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Figure 29. TGA analysis of Nio.sMno.4(OH).-9S catalyst.

4.3. Catalyst Re-usability and Regeneration Studies

In an attempt to test the stability of the ultimately optimized catalyst in alkylarene oxidation
reactions, reusability experiments were conducted. In the reusability experiments, we preferred to
use fluorene as the substrate rather than xanthene. This was because while the fluorene experiments
required 20 mg of the optimized NiosMno.4(OH)2-9S catalyst, xanthene experiments needed only
7 mg of the optimized catalyst. Hence, due to the larger experimental errors associated with the
accurate recovery of the small amount (7 mg) of catalyst in xanthene experiments, we decided to

use fluorene as the substrate.

During the reusability studies (without regeneration), >99% fluorene conversion was obtained in
the first cycle. The second and third cycles yielded 61% and 19% fluorene conversion, respectively
(Figure 30a). Decrease in the conversion in the subsequent cycles led us to carry out a regeneration

protocol to regain the performance. Having the currently performed TGA analysis in mind, we
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decided to come up with a regeneration protocol that could help with the restoration of the spent
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Figure 30. Catalytic activity data for optimized NiosMno4(OH).-9S catalyst in the aerobic
oxidation of fluorene to fluorenone: a) without regeneration, b) with regeneration. “I” represents

the 1% cycle activity, “11” represents the 2" cycle activity, and “I11” represent s the 3" cycle activity.

The regeneration protocol was comprised of annealing the spent catalyst at 300 °C for 6 h (before
the 2" cycle), and 12 h (before the 3™ cyle) under 100 sccm 99.999% Ar(g) flow in a flow furnace.
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With this regeneration protocol, the catalyst recovered its initial activity almost completely in the
second cycle and performed very well in the third cycle with a relatively moderate loss in activity
(Figure 30Db).

In other to understand the effect of the regeneration protocol on the spent catalyst, ATR-IR
spectroscopic studies were conducted on the fresh, spent and regenerated optimized
Nio.sMno.4(OH).-9S catalyst, with the aim of investigating the functional group changes occurring
on these surfaces (Figure 31).
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Figure 31. ATR-FTIR spectra of the fresh, spent and regenerated optimized Nio.sMno.4(OH)2-9S

catalysts.

Assignment of the vibrational features in the ATR-IR spectra given in Figure 31 is achieved by
using the conventional infrared signatures of common organic functional groups. 21 Spectral
features at 1045 cm™ and 1100 cm® can be assigned to -C(sp®)-O stretching, while the IR signals

at 1148 cm™ and 1230 cm™ can be attributed to -C(sp?)-O stretching. Carbonate features were
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recorded at 1449 cm™ and 1545 cm™. On the other hand, the feature seen at 1703 cm™ can be
assigned to -CH or -CH: bending modes. Spectral features within 2845 - 3053 cm™ can be attributed
to aliphatic -CHjx stretchings. Figure 31 suggests that after the utilization of the catalyst, various
organic residues are deposited on the spent catalyst surface, blocking and poisoning the catalytic
active sites. On the other hand, most of these poisoning species can be eliminated after the

regeneration protocol.

4.4. Mechanistic Studies on Xanthene Oxidation

In order to investigate the time-dependent conversion of xanthene to xanthone using the optimized
Nio.sMno4(OH)2-9S catalyst, we performed additional experiments shown in Figure 32. Time-
dependent xanthene conversion presented in Figure 32 illustrates after 6 h, 82 % of xanthene was
converted into xanthone, without the formation of any other side products. The 12", 18" and 24"
hours recorded conversions of 96%, 97% and >99%, respectively. These time-dependent
experiments indicate that the catalytic aerobic oxidation of xanthene to xanthone is practically
completed after 12 h.
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Figure 32. Time-dependent conversion of xanthene to xanthone using the optimized
Nio.sMno.4(OH)2-9S catalyst.
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Figure 33. Freeze-pump-thaw experiment to probe the effect of O, on the catalytic aerobic

oxidation of fluorene to fluorenone outcome. Catalyst used in this experiment was the optimized
Nio.sMno.4(OH)a.

Along these lines, experiments were carried out in the absence of gaseous molecular oxygen in the

reaction medium. This is achieved by conducting freeze-pump-thaw series before the reaction in
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order to deoxygenate the reaction mixture. This is followed by the execution of the catalytic activity
tests in the absence of molecular gaseous oxygen by filling the reactor with 1 bar N2(g) (purity >
99.9%). In these control experiments utilizing the optimized NiosMno.4(OH)2-9S catalyst, fluorene
and n-heptane were used as the substrate and the solvent, respectively. When the reaction mixture
and the optimized catalyst was heated in the absence of Ox(g) at 80 °C for 24 h, two major products
were detected. Fluorenone product was observed to form with 11% conversion and 9,9’-bifluorene
product was formed with 3% conversion. The rest of the post reaction medium contained 86% of
the unreacted fluorene (Figure 32). These results suggest that while a small amount of fluorenone
(i.e., the major oxidation product in the presence of O2(g)) can also be formed under anaerobic
conditions, its formation (and thus C-H activation) requires the utilization of O2(g). Furthermore,
in the absence of O2(g), minor side reactions can also occur, yielding 9,9’-bifluorene side product

which was absent in the aerobic catalytic oxidation of fluorene.
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4.5. Heterogeneous Catalytic Low-Temperature Carbon Monoxide (CO)

Oxidation using Mixed Metal Hydroxides

In order to demonstrate the utility of the mixed metal hydroxide catalytic systems in gas phase
catalysis, low-temperature CO oxidation catalytic activity tests were carried out. Figures 33 and
34 present the CO oxidation activities of the optimized NiosMno.4(OH)2-9S catalyst along with a
conventional PGM-based benchmark catalyst (i.e., 1 wt. % Pt/Al.Oz) at room temperature and upon
linear heating to various temperatures, respectively. At room temperature, the pretreated optimized
Nio.sMno.4(OH)2-9S catalyst showed promising activity within the duration of the room temperature
experiment (i.e., 6 h). This catalyst showed an initial room temperature CO conversion of 70%
which dropped to about 10% at the 6™ hour. This was probably due to CO poisoning of the active
sites. On the other hand, the pretreated commercial benchmark catalyst, 1 wt. % Pt/Al>O3, was not

active at all at room temperature.
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Figure 34. Room temperature catalytic CO oxidation test on pre-treated NiosMno.4(OH)2-9S and
pretreated commercial 1 wt. % Pt/Al,O3 PGM benchmark catalysts. (Gas feed: 1% CO + 20% O>
where Ar was used as the balance gas).
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Figure 35. Variable temperature catalytic CO oxidation test on pristine Nio.sMno.4(OH).-9S, pre-
treated NiosMno4(OH)2-9S, and pretreated commercial 1 wt. % Pt/Al,Os PGM benchmark
catalysts. (Gas feed: 1% CO + 20% Oz where Ar was used as the balance gas).

In catalytic CO oxidation tests, Tso which is the temperature at 50% CO conversion is defined to
be the light-off temperature, while Tgo is the temperature where there is 90% CO conversion to
COa. It can be seen in Figure 35 that the pristine NigsMno.4(OH)2-9S catalyst showed better
catalytic CO oxidation performance than that of the 1 wt. % Pt/Al,O3 PGM benchmark catalyst in
terms of both Tso and Teo. While the pristine Nio.sMno.4(OH)2-9S catalyst yielded Tso and Tgo values
of 153 °C and 182 °C, respectively, the PGM benchmark catalyst revealed Tso and Tgo values of
176 °C and 200 °C, respectively. Pristine NiosMno.4(OH)2-9S catalyst performed even better after
it underwent a pretreatment protocol (which included annealing of the pristine Nio.sMno.4(OH)2-9S

catalyst at 300 °C in 500 sccm 99.9% Ar(g) flow for 1 h in the catalytic bed before the CO oxidation
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reaction). The Tso and Tgo values for the pretreated Nio.sMno.4(OH)2-9S catalyst were 26 °C and 32

°C, respectively.

CHAPTER 5

5. Conclusion

In this work, we synthesized novel catalytic mixed metal hydroxides exhibiting unique 2D
structure, morphology, crystallographic and electronic properties. Characterization and
spectroscopic studies revealed that the optimized catalyst was in the form of NiosMno.4(OH)2,
synthesized from 9S, where S is 2.06M stoichiometric NaOH(aqg) concentration. Furthermore, a
novel regeneration protocol was also developed to fully retain the initial activity of the catalyst
after its use in the xanthene oxidation reaction. Compared to the existing catalysts in the literature
results, NiosMno.4(OH)2-9S catalyst revealed the best catalytic performance per gram of catalyst
in the catalytic aerobic oxidation of xanthene to xanthone. In addition to the superior catalytic
activity of the Nio.sMno.4(OH)2-9S catalyst in liquid phase organic partial oxidations, its activity in
gas phase oxidation reactions was also demonstrated using low-temperature CO oxidation reaction.
NiosMno4(OH)2-9S catalyst was found to outperform conventional PGM-based benchmark
catalyst in low-temperature CO oxidation. Current results clearly demonstrate that chemically fine-
tuned mixed metal hydroxide systems can provide promising catalytic alternatives in low
temperature liquid phase organic reactions as well as gas phase oxidation reactions.
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