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ABSTRACT

CERIA SUPPORTED COPPER(0) AND TITANIA SUPPORTED
RHODIUM(0) NANOPARTICLES AS CATALYSTS IN
DEHYDROGENATION OF DIMETHYLAMINE BORANE
PHD THESIS
SEDA KARABOGA
ABANT IZZET BAYSAL UNIVERSITY GRADUATE SCHOOL OF
NATURAL AND APPLIED SCIENCES
DEPARTMENT OF CHEMISTRY
(SUPERVISOR: PROF. DR. iZZET MORKAN)

BOLU, NOVEMBER 2017

In recent years, hydrogen is accepted as clean and important energy carrier in the
most applications such as heating, electrical generation, transportation and
mechanical power. The lack of safe, effective and cost-effective hydrogen storage
sources for transportable and stationary applications is one of the main obstacles to
overcome for the application of the hydrogen economy. Chemical storage materials
consist of high percent of hydrogen by weight are hopeful as hydrogen sources
using in fuel cells. The hydrogen sources such as ammonia borane and its
derivatives have the high gravimetric storage density, high stability and non-
toxicity, so interest in them is increasing day by day. One of them, dimethylamine
borane (Me).NH.BH3, DMAB) could release hydrogen by means of proper catalyst
in mild conditions. Transition metal nanoparticles can be utilized as active catalysts
for the dehydrogenation of amine borane adducts due to the unique properties of
them. The tendency of metal nanoparticles to agglomerate with the formation of
bulk metal causes a significant decrement of activity with increasing particle size
in their catalytic applications. Metal oxides used as a support are one of the way to
avoid from agglomeration of metal nanoparticles. The usage of metal oxides as a
stabilizer in the synthesis of transition metal nanoparticles supply advantegous in
terms of long lifetime, thermal stability, and reusability for catalysts. In this
dissertation, we reveal the in-situ preparation, characterization and catalytic activity
of ceria supported copper(0) and titania supported rhodium(0) nanoparticles in
dehydrogenation of DMAB. Copper(0) nanoparticles supported on ceria were in
situ generated from the reduction of Cu?*/CeO; during the catalytic
dehydrogenation of DMAB in toluene. Rodium(ll) hexanoate was used as a
precursor to be formed rhodium(0) nanoparticles, Rh(0)/nanoTiO> throughout the
dehydrogenation of DMAB at temperature of 60.0 = 0.5 °C. The characterization
of metal oxides supported transition metal(0) nanoparticles were performed by
means of UV-Visible electronic absorption spectroscopy (UV-Vis), Scanning
electron microscopy (SEM), Transmission electron microscopy (TEM), Energy
dispersive X-ray (EDX), Brunauer-Emmett-Teller (BET), X-ray photoelectron
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spectroscopy (XPS), X-ray diffraction (XRD), inductively coupled plasma optical
emission spectrometry (ICP-OES and FT-IR techniques. The catalytic activity of
ceria supported copper(0) and titania supported rhodium(0) nanoparticles was
performed in the dehydrogenation of DMAB. The catalytic activity of ceria
supported copper(0) and titania supported rhodim(0) nanoparticles and kinetics of
hydrogen generation from the dehydrogenation of DMAB were tested depending
on catalyst concentration and temperature. The obtained kinetic data was used for
the calculation of rate laws and activation parameters such as Arrhenius activation
energy, Ea; activation enthalpy, AH#; and activation entropy, AS# for both catalytic
dehydrogenation reactions.

KEYWORDS: Dehydrogenation, Dimethylamine borane, Heterogeneous catalyst,
Copper(0) Nanoparticles, Cerium(lV) oxide, Rhodium(0)  Nanoparticles ,
Titanium(IV) oxide.
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OZET

DIMETILAMIN BORANIN DEHIDROJENLENMESINDE KATALIiZOR
OLAN SERYUM OKSIT DESTEKLIi BAKIR(0) VE TITANYUM OKSIT
DESTEKLIi RODYUM(0) NANOPARCACIKLAR
DOKTORA TEZi
SEDA KARABOGA
ABANT iZZET BAYSAL UNIVERSITESI FEN BILIMLERI ENSTITUSU

KIMYA ANABILIM DALI
(TEZ DANISMANI: PROF. DR. IZZET MORKAN )

BOLU, KASIM - 2017

Son yillarda, hidrojen, 1sinma, elektrik enerjisi, ulasim ve mekanik gii¢ gibi bircok
uygulama i¢in diinyaca temiz ve Onemli bir enerji tasiyicisi olarak kabul
edilmektedir. Tasinabilir ve sabit uygulamalarda giivenli, etkili ve diisiik maliyetli
hidrojen depolama malzemelerinin olmamasi, hidrojen ekonomisinin uygulanmasi
icin Ustesinden gelinmesi gereken en biiyiik engellerden biridir. Yakat hiicrelerinde
kullanilan agirlik¢a hidrojen yiizdesi yiiksek olan kimyasal depolama malzemeleri,
hidrojen kaynaklar1 olarak umut vericidir. Kiitlece yiiksek hidrojen depolama
kapasitesi, yliksek kararlilik ve zehirli olmayisi nedeniyle amonyak boran ve
tiirevleri gibi hidrojen depolama kaynaklarina ilgi artmaktadir. Bunlardan biri olan
dimetilamin boran (Me) 2NH.BHs, DMAB) uygun kosullar altinda uygun katalizor
varliginda hidrojen salabilir. Gegis metali nanopargaciklari, essiz 6zelliklerinden
dolayr amin boran tiirevlerinin dehidrojenlenmesinde aktif katalizorler olarak
kullanilabilir. Metal nanopar¢aciklarin aglomerasyon ile kiilge metal olusumuna
olan egilimleri, artan parcacik boyutu ile katalitik uygulamalardaki etkinligin
diismesine sebep olmaktadir. Kararlastirici bir destek olarak kullanilan metal
oksitler, metal nanopargaciklarinin aglomerasyonunu Onlemenin yollarindan
biridir. Geg¢is metali nanopargaciklarinin sentezi i¢in kararlastirict olarak metal
oksitlerin kullanmilmasi tekrar kullanilabilirlik, termal kararlilik ve uzun Omiir
acisindan avantajli olmaktadir. Bu tezde, seryum oksit destekli bakir(0)
nanoparcaciklar ve titanyum oksit destekli rodyum(0) nanoparc¢aciklarinin
hazirlanmasi, karakterizasyonu ve dimetil amin boranin dehidrojenlenmesindeki
katalitik etkinliklerini sunuyoruz. Seryum oksit iizerine tutturulan bakir(0)
nanopargaciklar, dimetilamin boranin katalitik dehidrojenlenmesi boyunca Cu?*/
CeO2'nin indirgenmesinden elde edildi. Dimetilamin boranin dehidrojenlenmesi
boyunca olusan Rh(0) nanoparcaciklar (Rh(0)/nanoTiO2) icin rodyum(Il)
hekzanoat 6ncii olarak kullanildi. Metal oksitler {izerine tutturulan gegis metali(0)
nanopargaciklar1 UV-goriiniir bolge elektronik sogurma spektroskopisi (UV-Vis),
taramali elektron mikroskopisi (SEM), gecirgenli electron mikroskopisi (TEM),
enerji dagitimi X 1s1n1 spektroskopisi (EDX), Brunauer-Emmett-Teller (BET), X-
1511 fotoelektron spektroskopisi (XPS), X- iginlart kirinimi (XRD) indiiktif olarak
ciftlesmis plazma-optik emisyon spektroskopisi (ICP-OES) ve infared
spektroskopisi (FT-IR) ile tanimlandi. Seria destekli bakir (0) ve titanya destekli
rodyum (0) nanopargaciklarinin katalitik etkinligi dimetilamin boranin
dehidrojenlenmesinde test edildi. Seryum(IV) oksit destekli bakir(0) ve
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titanyum(1V) oksit destekli rodyum(0) nanopargaciklarinin katalitik etkinligi ile bu
katalizorlerin varliginda dimetilamin boranin dehidrojenlenme tepkimesinin
kinetigi, farkli katalizor derisimlerine ve sicakliga bagli olarak ¢alisildi. Elde edilen
Kinetik veriler kullanilarak, her iki katalitik dehidrojenlenme tepkimesine iliskin hiz
kanunu ve Arrhenius aktivasyon enerjisi (Ea), aktivasyon entalpisi (A H™) and
aktivasyon entropisi (A S™ gibi aktivasyon parametreleri hesaplandu.

ANAHTAR KELIMELER: Dehidrojenlenme, Dimetilamin boran, Heterojen
katalizér, = Bakir(0)  Nanopargaciklar, ~ Seryum(IV)  oksit, Rodyum(0)
Nanopargaciklar, Titanyum(IV) oksit.
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Figure 4.18. Plot of mol H> evolved per mole of DMAB versus time for
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with rhodium(I1) octanoate in different concentrations (1.0, 2.0,
3.0 mM Rh) in 10 mL toluene at 25.0 + 0.5 °C, (b) the recyclability
of the Rh(0) nanoparticles starting with 100 mM DMAB and
3.0 mM Rh(octanoate). at 25.0 + 0.5 °C, (c) the catalytic
dehydrogenation of DMAB at various temperatures in the range
of 25-60 °C starting with 200 mM DMAB and 1.0 mM Rh(octanoate)>
in 10 mL toluene solution, (d) the recyclability of Rh(0) nanoparticles
starting with 100 mM DMAB and 1.0 mM Rh(octanoate) in 10 mL
toluene at 60.0 £ 0.5%C. ....ooiiiiiceieee e 54
Figure 4.19. UV-vis spectra of solutions containing 1.0 mM ruthenium(ll)
octanoate in toluene before and after the injection of
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Figure 4.20. Plots of mole Hz evolved per mole of DMAB versus time for
dehydrogenation of dimethylamine borane performed
starting with 1200 MM DMAB and 50 mg Rh(Il)/nanoTiO>
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3.0% wt. Rh corresponding to [Rh] = 0.049, 0.097, 0.15, 0.20,
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Figure 4.21. 1'B-NMR spectra taken from the reaction solution
at the beginning (green line) and at the end of (purple line)
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Figure 4.22. X-ray diffraction (XRD) patterns of nanoTiO2 and
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Figure 4.23. The micrographs of specimen surfaces obtained from
the secondary electron image mode at 3000-X magnification
with the aid of Scanning Electron Microscopy (SEM)
measurements are used to investigate the morphological
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Figure 4.24. SEM-EDX spectrum of the titania supported rhodium(0)
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Figure 4.25. Survey scan XPS spectrum of Rh(0)/nanoTiO2 (0.5% wt. Rh)
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high resolution XPS Rh 3d spectrum with deconvolution. ............ 60
Figure 4.26. TEM images of Rh(0)/nanoTiO2 with different loading

(@) 0.1, (b) 0.2, () 0.3, (d) 0.4 and (e) 0.5% wt. Rh after catalytic
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100 mM DMAB at 60.0 + 0.5 °C. The particle size histograms
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Figure 4.27. (a) Plot of hydrogen generation rate versus the concentration of

rhodium (both in logaritmic scale.). (b) TOF versus

rhodium loading (% wt.). (c) Particle size versus
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Figure 4.28. Plots of mole H> evolved per mole of DMAB versus time for

the catalytic dehydrogenation of DMAB at various temperatures
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dehydrogenation of 100 MM DMAB at 60 + 0.5 °C.................... 68
Figure 4.30. (a) TEM image of Rh(0)/nanoTiO2 after 4th cycle in

dehydrogenation reaction of DMAB, (b) corresponding

particle size histogram of Rh(0) nanoparticles...........ccecvrvvrrnnnnnne 70
Figure 4.31. Plot of total turnover number (TTO) or turnover frequency

versus time for the dehydrogenation of DMAB in 10.0 mL
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(for each run) at 60.0 £0.5 0C. ....cooviiiiiiiiii e 71
Figure 4.32. Plots of mol Hz evolved per mole of DMAB versus

time for the dehydrogenation of 1000 MM DMAB

catalyzed by Rh(0) nanoparticles supported on

nanotitania (0.5% wt. Rh, [Rh] = 0.24 mM) with

and without addition of 0.2 equiv. CS2 at 60.0 £ 0.5°C................. 72
Figure 4.33. The evolution of equivalent Hz per mole of DMAB verus time

plot for the dehydrogenation of 100 mM DMAB at 60.0 + 0.5

oC.starting with Rh(11)/nanoTiO2 (black squares, [1),

Rh(0)/nanoTiO> solid sample obtained by filtration after the first

run (red circles, o), filtrate solution obtained by filtration after the

reaction (blue triangles, A). ... 74
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1. INTRODUCTION

Sustainable supply of energy and its appropriate storage is one of the global challenges
for the next decades. In this respect, advances in hydrogen technology, such as the
generation of hydrogen from suitable starting and renewable materials and its storage
and conversion to electricity, are a central component. Unfortunately, hydrogen
transportation and handling is difficult, making its widespread use in applications
problematic. To solve this problem, hydrogen could be stored in chemical compounds
that easily release hydrogen on demand. Lightweight and hydrogen-rich B-N species
have attracted considerable interest in this regard. Amine borane adducts are
considered a hopeful candidate for several applications. They have high hydrogen
capacity. In addition, release of hydrogen from them as an energy carrier is easily
possible by suitable catalysts (Marder, 2007; Hamilton et al., 2009). Furthermore, they
are very soluble in water at room temperature and easy to process (Bluhm et al., 2006).
Ammonia borane and its derivatives play a significant role in many fields as polymer
industry (Clark et al., 2006), material chemistry (Jacquemin et al., 2004), transfer
hydrogenation (Shi et al., 2012) and tandem dehydrogenation-hydrogenation reactions
(Jaska and Manners, 2004).

It is a particular interest that hydrogen could be released from DMAB in the presence
of proper catalyst under suitable conditions. (eq. 1) (Berg and Arean, 2008; Jaska et
al., 2001; Jaska et al., 2003).

2Me2NH.BH3m> (Me,;N.BH,), + 2H, (D

Until now, various kinds of transition metal catalysts have been used for
dehydrogenation of dimethylamine borane such as ruthenium and iridium. (Jiang and
Berke, 2007). The hydrogenation of homogenous Re-catalyzed alkenes by means of
DMAB as a hydrogen source have been recorded by Berke and colleagues (Jiang and
Berke, 2007). Titanium precursor complex [(n5-CsHs-1,3-(SiMes)2)2Ti]2(u2,n1,nl-
N2) was explored for homogeneous system in dehydrogenation of DMAB by Chirik
(Punetal., 2007). Moreover, Willams and co-workers have used ruthenium and copper
complexes as homogenous catalysts for in situ reduction of organic moities and
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dehydrogenation of DMAB (Van der Waals et al., 2014; Nixon, 2011). Despite of
potential benefits of homogenous catalysts, these protocol have limited for usage due
to the long reaction time, severe reaction conditions and difficulty in separating the

catalyst.

The present investigation has been shifted to the development of heterogeneous
catalysts having high activity due to the advantages of heteregenous systems as easy
product isolation, catalyst recovery and reusability. In hydrogen evolution reaction,
nanocatalysts are very important due to the having smaller size and high surface
volume ratio, following then better catalytic performance and a great number of active
atoms lying on the surface. (Lee et al., 2007; Amendola et al., 2000; Stephens et al.,
2007; Mohajeri et al., 2007; Ramachandran and Gagare, 2007; Fernandes et al., 2009;
Yan et al., 2009; Patel et al., 2010). However, transition metal nanoparticles incline
into bulk metals with aggregation causing a decrease in catalytic activity (Ozkar and
Finke, 2002a; Ozkar and Finke, 2002). The usage of proper supports as polymers,
metal oxides, meso-structured and carbon materials can also afford unique catalytic
functions that include site isolation of active metal NPs from agglomeration and the
synergistic effects due to strong metal-support interactions (SMSI). Several ways have
been tried to ascend the surface area of the catalysts using various support to prevent
the agglomeration. In this context, different material candidates such as zeolites
(Tosheva and Valtchev, 2005; Kato et al., 2004), carbonaceous materials (Castillejos et
al., 2009), metal oxides (Sayle et al., 2003; Haruta, 1997), polymers (Shi et al., 2005;
Graeser et al., 2007), metal-organic-frameworks (EI-Shall et al., 2009) may be used as an
alternative way to inhibit further growing of NPs. Also, TiO, and CeO2 based catalyst
supporting materials are known to have unique properties (Bamwenda et al., 1997) due
to TiO2/ CeO2 nanoparticles high chemical and thermal stability (Dai et al., 2013) and
the nature of the interaction of a metal nanoparticle with TiO, or CeO2 support
(Bagheri et al., 2014; Sun et al., 2012). In recent publications, it has been
demonstrated that using ceria or titania nanopowders as support providing long
lifetime and high catalytic activity for Pd (Tonbul et al., 2016), Ru (Akbayrak
et al., 2016) and Rh (Akbayrak et al., 2016) nanoparticles in the hydrolysis of
ammonia borane to generate hydrogen. This result prompted us to employ ceria and
titania as support for a noble (rhodium) and non-noble (copper) metal NPs catalyst in
dehydrogenation of DMAB.



1.1 Hydrogen As an Energy Carrier

1.1.1 Hydrogen Economy

One of the major challenges facing modern society is to find a means of sustainable
fuel generation, storage and delivery and overcome our reliance on non-renewable
fossil fuels such as oil, coal and natural gases. If the negative effects of global
warming, degradation of the ozone layer and consequent world’s climate change is to
be stopped, the development and use of a green and renewable energy vector is
mandatory (Schlapbach and Ziittel, 2001). Further, projections to 2040 predict an
increase of 56 % in the global world energy demand (International Energy Outlook.,
2015). Hydrogen, considered as an ideal energy carrier in transport and stationary
applications, is an alternative to replace petroleum products. The production, storage,
consumption and regeneration of Hz fuel is known as ‘hydrogen economy’ and the

‘sustainable hydrogen cycle’ on which it is based is presented in Figure 1.1.

H2
Storage

H, Fuel
Production Cell
Renewable
. H,0 Energy.
Energies Consumption

Figure 1.1. Sustainable hydrogen cycle.

Today, hydrogen can be produced from renewable sources using different methods
with minimum environmental impact, although not very efficiently in many cases: for
instance solar, wind, hydro, electrolysis, photolysis, water splitting, biomass
gasification and fermentation can be used for hydrogen production (Alves et al., 2013;
Granovskii et al., 2007; Holladay et al., 2009). The most abundant element in earth is

hydrogen and can be found in universe as chemically bonded in H2O or liquid and
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gaseous hydrocarbons. It can be found less than 1% as molecular hydrogen. It is an
important energy carrier and is not a primary energy source. Hydrogen can be obtained
from several of resources such as water or natural gas using several processing
techniques. And also, it provides great deal of energy (120 MJ/kg) compared to its

peers.

1.1.2 Methods of Hydrogen storage

Before the hydrogen economy can become completely viable, the safely storage and
availability of Hy is an issue that must be overcome. The major challenge in terms of
using hydrogen as a fuel is to develop influential methods for its storage that can not
only store H. safely, but also supply it when and where it is needed.

Another key factor worth considering is that the storage systems have to be cost-
competitive as well as energy efficient. Hz2 can be stored in different phases as gas,
liquid or solid. At present, hydrogen is stored in the form of a liquid or compressed

gas in industry.

1.1.3 Physical Hydrogen Storages

Hydrogen can be stored as compressed gaseous, liquid hydrogen and cryo-compressed
gaseous as well as can be stored by adsorption on high-surface-area materials under
high pressure and low temperature. There is no chemical bond (covalent and ionic
interactions) between hydrogen and the host compounds in physical adsorption
process.

Different types of physical hydrogen storage systems are listed below;

1) CGH2 (compressed gaseous hydrogen), 350 - 700 bar, room temperature.

2) LHz (liquid hydrogen), 1 — 10 bar, ~-253 ° C.

3) CcHa (cryo-compressed hydrogen), 250- 350 bar, > -253 ° C.

4) Cryo-adsorption on high-surface-area materials, 2 — 5 bar, ~-193 ° C.

5) Glass Microspheres and Glass Capillary Arrays.



Hydrogen gas could be stored in dewar that hold it at required pressure. Liquid form
of hydrogen is used as a fuel for rocket applications but the storage and transport of
compressed hydrogen are dangerous.

There are issues related to the safety and volume restrictions for the storage of high
pressure hydrogen gas, preventing its application more widely (Serensen, 2012). Solid
state of hydrogen storage is becoming important in recent research. Physical and
chemical storage are the main categories for the solid state form of hydrogen storage.
The former requires Hz to be bound or included in a host by relatively weak
interactions commonly referred to as physisorption or physical absorption. Most
studied materials employed for physically storing H> include metal-organic
frameworks, porous carbon, covalent-organic frameworks, polymers and zeolites (Ren
et al., 2013; Kustov et al., 2014; Yeung and Han, 2014; Furukawa and Yaghi, 2009;
Feng et al., 2012). Also, the hydrogen can be found in a compound and the
uptake/release process involves chemical reactions. Hydrogen could be storaged as a
gas or liquid in physical hydrogen storage methods, however these methods is very
hard in industrial applications due to unsafety and low density of hydrogen (Figure 1.
2).

Hydrogenin gas phase

Chemisorptionin
metal hydrides

0 SN\

adsorption

Cryo-physical
adsorption

dissolves in metal
a2 Metal hydride
MOF
Strong bonds
NaAlH,
D o => Elevated operating
=» Cryogenic operating | temperatures
S Pyt temperatures e
Rapid kinetics | Sluggish kinetics

Figure 1.2. Classification of hydrogen storage materials depending on the
relationship between hydrogen and storage media (Kalidindi and Jagirdar, 2010).

In physisorption, very weak forces exist between hydrogen molecule and adsorbent
such as van der Waals forces. Only at low temperatures (77 K), plausable gravimetric

hydrogen storage may be obtained by using this method, while there are some



advantages of this approach as reversibility and fast kinetics (Murray et al., 2009). On
the side, the greatest disadvantage of the chemisortion method, which allows hydrogen
to dissociate into atoms on metal surfaces, is that high temperature is required
(Grochala and Edwards, 2004).

1.1.4 Solid State Hydrogen Storage

The storage of hydrogen obtained by adsorption method on carbon materials and/or by
absorption in chemical compounds has precise advantages in terms of a safety
perspective, in which some form as conversion or energy input is needed to deliver the
hydrogen for next use. Vast studies have been carried on modern hydrogen-storage
systems as metal hydrides, metal nitrides, metal imides, doped polymers, metal organic
frameworks (MOF), zeolites, clathrate hydrates, and carbon based materials. In storage
of solid state, hydrogen is bonded by chemical forces such as in hydrides, imides and
nitrides or physically, e.g. MOF and carbon based materials.

Physisorption has several advantages as high energy efficiency and fast
adsorption/desorption cycles, while chemisorption ends up with the adsorption of
greater amounts of gas but in some situations, is not reversible and needs a higher
temperature to liberate the adsorbed gas. Multifarious studies have been performed to
develop the alternatives for the storage of hydrogen. (Annemieke and Arean, 2008).
Complex hydrides that have high gravimetric/volumetric hydrogen storage capacity
(Schlapbach and Zuttel, 2001) and high energy density for H» storage are found as
most suitable among these studies. In the complex hydrides, boron adducts have gained
much attention by reason of their high hydrogen capacity, low molecular weight, and
high solubility Figure 1.3. (Ziittel, 2003).
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Figure 1.3. Hydrogen densities for many hydrogen storage materials (Ziittel, 2003).

1.1.4.1 Amine Boranes as hydrogen storage materials

Amine borane compounds contain coordinate covalent bond between the nitrogen and
boron, have been recently gained more attention. They could be used as a hydrogen
storage materials because of having high hydrogen capacity. Amine boranes is a kind
of lewis acid base reactions where the N is considered to provide a lone pair for B
species being insufficient electron and accepts twin electrons into vacant p orbital
(Figure 1. 4).

R Ry R R R'
\ \ -‘\\\ \ '
RiwNQ)  + O?Q —» RwN->BuR

R R' R R'

Figure 1.4. Bonding in amine-boranes

NH 3BHj3 is unique in terms of hydrogen storage and release of hydrogen through the
hydrolysis or dehydrogenations when compared to other chemical hydrides due to the
protic amine and the hydridic borane hydrogens. Ammonia borane has gravimetric and
volumetric hydrogen contents of 19.6 wt% (Langmi and McGrady, 2007) and 0.145



kg L respectively. And it has more hydrogen per unit mass and unit volume than

liquid hydrogen (Figure 1.5).

Compressed H: Liquid H NH3:BHs
(200 bar) 56 L (23 K) 14 L (298 K) 7

Figure 1.5. Volumes of 1 kg of hydrogen in various forms.

There is growing importance for the dehydrocoupling of amonia borane adducts in
current interest in hydrogen storage. (Paul and Musgrave, 2007; Keaton et al., 2007;
Denney et al., 2006). DMAB is one of the basic B-N compound with the low molecular
weight (58.9 g mol-1) and high hydrogen capacity (16. 9 % wt) that has a good interest
in hydrogen storage applications due to as a promising boron-based compoud (Langmi
and McGrady, 2007; Hamilton, 2009; Gutowska, 2005). It is particularly important
that the hydrogen can be released from the dehydrogenation of DMAB using suitable
catalysts under mild conditions (Equation (1)) (Berg, and Arean, 2008; Jaska et al.,
2001; Jaska et al., 2003).



1.2 Transition Metal(0) Nanoparticles As Catalyst

1.2.1 Catalysis

Catalyst is defined as chemical species that has the capability of increasing the rate of
a reaction without affecting the standard Gibbs free energy, and not undergoing a net-
reaction itself. Each catalyts molecule can take place in many repeated cycles without

consumed in the catalytic process.

E, uncatalyzed reaction

Energy

E, catalyzed reaction

Reaction coordinates

Figure 1.6. Potential energy diagram displaying the difference in activation energy
and reaction pathway between a catalyzed and uncatalyzed reaction

Catalyst have altered the molecular path of the reaction that reduces the energy of
activation resulting a different transition state through the reaction. Activation energy
of a reaction can be defined as the minimal energy that must be accomplished to have
a reaction. So, more molecular collision with the energy required to reach transition
state occur with lowering energy barrier. Catalysts provide the molecular interaction
between the reactants and lower the activation energy. In other words, catalyst lowers

the energy of the transition state, the equilibrim state stay unaffected.



The effects of a catalyts during a chemical reaction can be analyzed considering the
transition-state theory. Catalyst causes a decrement of the free energy of activation in
the transition state theory. So, the activation enthalpy and entropy changes during the
reaction. The entropy of the activation has lower than the corresponding uncatalyzed
reaction due to the loss of translational freedom comig from the immobilization on the
surface of the catalyst. One can conclude that for a catalyzed reaction, activation
enthalpy must be less than uncatalyzed reaction according to the theory. Figure 1.6
shows the differences of the energy diagram of a catalyzed and uncatalyzed reaction.
However, it could be noticed that the highest barrier significantly lower than the
previous largest barrirer. Reaction proceed with a different pathway in catalyzed
reaction having the lower activation energy. Since the rate of forward and reverse

reaction is similarly affected there is no effect on the chemical equilibrium.

If the thermodynamic and the kinetic changes are favorable, chemical reaction can
occur in laboratory conditions. The change of thermodyamic is measured by the
change of Gibbs free energy (AG) and requirement of the kinetic energy is measured
in terms of free energy of activation(AG#). The low free energy of the activation
provides the favorable reaction in terms of thermodynamic. The conversion of
diamond to graphite can be given an example. This conversion is thermodynamically
favorable but it takes place very slowly at RT and pressure. Another example is the
formation of ammonia from the mixture of nitrogen and hydrogen. It requires the

considerable energy to overcome the activation energy barrier (Equation 2).

Ny(g) + 3Hy(g) 2NH;(g) (2)

The reaction can not be occured at low temperatures. The dissociation of nitrogen
molecule occurs at around 3000 °C in the gas phase. While the hydrogen molecule has
a weaker bond but it can be dissociated at a temperature above 1000 °C. In this case,
catalyst being iron plays an important role. The hydrogen and nitrogen bond to the
catalyst surface and loose their translational degree of freedom. So, the activation
energy falls down and this leads to the forward reaction. The reaction take places
without using hard temperature conditions. Consequently it can conclude that catalyst

increase the rate of reaction with lowering the activation energy of the reaction and
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does not effect on net enthalphy change and does not change the equilibrium of the

reaction.

For the catalytic processes, it is more important to create both the activities and
stabilities of the studied catalysts and for this assessment the quantities turnover
number (TON) and turnover frequency (TOF) are utilized. TON is known as
abbreviation of the number of reaction cycles that one molecule of the catalyst can
perform before it is deactivated (Kozuch and Martin, 2012). TOF is desribed as
catalytic cycle number per unit time (mole of product divided to per mole of catalyst

per unit time) (Equation 3-4).

mole of product
mole of catalyst

TON = 3)

TOF = mole of product (4)

mole of catalyst x time

11



1.2.2 Homogeneous versus Heterogeneous Catalysis

Although catalysts may be divided into several different classes, the most common
classifications are heterogeneous vs. homogeneous catalysts (Figure 1.7).
Homogeneous catalyts have similar phase (gas or liquid) as the reactants, while

heterogeneous catalysts are not in the same state as the reactants.

CATALYSTS

Heterogenized

Homogeneous Biocatalysts Heterogeneous
Catalysts TS (Enzymes) Catalysts
Catalysts
Acid / Base
P — — Bulk Catalysts

| Transition Metal | Supported
Compounds Catalysts

Figure 1.7. Types of Catalysts (Hagen, 2006).

Mechanism of homogeneous catalysis is usually formed by catalytic cycles. Catalyst
is a part of the catalytic cycle and products and reactants are indicated outside of the

cycle and attached to cycle by arrows.

For instance, catalytic reaction cycle which includes intermediates A and B is shown

as below;
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Catalyst

B A

S~

Figure 1.8. Cycle of homogeneous catalytic reaction.

Ligands surrounding metal and central atom create the catalytic centre in
homogeneous catalysis. In homogeneous organometallic complex catalysts, the
reaction starts with the reactant molecule bonding to a metal in the catalyst. So, vacant
sites must be in metallic center. But, preserving of continuity of this situation is hard
because the molecules are in the solvated conditions. Whole, the description of
mechanism is transfer of ligand from the central metal and putting a reactant into the
vacant sites. It seems like to substitution reaction. There is attack to vacant sites
between reactant, ligand or solvent molecules. This process is suggested to comprise
by associative or dissociative mechanism. In homogeneous catalysts, there is two basic
roles of ligands. One of them is to stabilize metal complexes without playing a part in
bond breakage and the other one is to be activated and placed in the catalytic reaction

like the reactants on arrangement to a metal atom.

While the homogeneous catalysis takes place at same phases with the all reactants, in
heterogeneous catalysis, reactants and catalyst exist in different phases during the
reaction. In a heterogeneous catalyst mechanism, the first stage is the adsorption of the
reactants onto a solid surface. Then, a surface reaction takes place and final stage is
the desorption of the products from the surface of the catalyst into the liquid phase.
Consequently, in a catalytic reaction, catalysts provides an alternative elementary steps
to achieve the chemical reaction. The energy barrier of the catalytic path is lower than
the non-catalytic path of the same reaction. So, the chemical reaction will be faster

with using a catalyst. The reaction between the nitrogen and hydrogen in the presence
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of iron can be given an example of heterogeneous catalysis (Eg.2). In this
heterogeneous catalysis, iron acts a homogeneous catalyst and reaction carried out
between the nitrogen and hydrogen on the catalyst surface. The product being

ammonia released from the surface of the catalyst.

Heterogeneous catalysis is currently dominating over homogeneous catalysis by
accounting for more than 85% of the area of industrial processes (Rothenberg, 2008;
Gary and Handwerk, 2001; Sheldon and Van Bekkum, 2001). The use of
heterogeneous catalysts has both advantages and disadvantages. The surface area
affect the number of the active reaction sites of the heterogeneous catalyst, resulting
detect and potentially limit the number of reaction sites. However, it can be seperated
from the reaction mixture in an easy manner, such as by filtration. Hereby, expensive
catalysts can be easily recovered being an important consideration for industrial

manufacturing processes.

When we compare the advantages of these catalytic approaches, each of them has
advantages; heterogeneous catalysts provide easy seperation and recover but requires
hard reaction conditions to be fertile and the mass transport problems. However,
homogeneous catalysts show high activity and selectivity however recovery of the
transition metal catalysts from reaction medium is not easy as with heterogenous
catalysts (Cole-Hamilton, 2003).

1.2.3 Nano-catalysis

Nanocatalysis has clearly ascended as a bridgework between heterogeneous and
homogeneous catalysis with the development of nanoscience since end of the 1990s.
The term nanocatalyst is defined as a material that has catalytic properties at least one
nanoscale dimension. Their small size provide the excellent surface to volume ratio
which is why they act as attractive catalysts. The field in which usage of nanomaterials
as a catalyst in varied reactions has rapidly increased. (Thomas, 2010; Astruc, 2008).
Improvement of welldefined catalyst including metal nanosized particles and
nanomaterial as support is the main purpose. The nanocatalysts indicate the subsequent
advantages of both heterogeneous and homogenous catalysts meaning easy

recovery/recycling, high efficiency, selectivity and stability.
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Even though the nano- term was used until recent times, researchers traditionally
focused on very small particles of active catalytic agents in order to maximize the
reaction efficiency. Nanoparticles have received remarkable attention due to the
unique properties and applications in various areas such as electronics, optics,
magnetism, energy technology and chemistry (Raimondi, 2005; Rao et al., 2004;
Schmid, 2004; Shenhar and Rotello, 2003; Thomas and Kamat, 2003; Poizot et al.,
2000). And also this interest is due to the fact that nanomaterials have more advanced
catalytic properties than the bulk metal. Due to their small size the nanosized particles
will have more percentage of atoms on the surface, which lead to increase catalytic
activity. It was thought that gold was not catalytically active for a long time. In 1980,
catalytic conversion of oxgen with carbon monoxide at low temperature was reported
by Haruta (Haruta et al., 1987) and co-workers and gold catalyts was applied for the
hydrochlorination of ethylene by Hutchings. (Hutchings, 1985). Since then many
investigations have been made to utilize gold nanoparticles as active catalysts (Hashmi
and Hutchings, 2006; Corma and Garcia, 2008; Arcad, 2008; Della Pina, 2008; Claus,
2005; McEwan et al., 2010). Then, palladium nanoparticles was used as a catalyts for
some reactions such as C-C coupling (Balant et al., 2011; Fihri, 2011; Gude and
Narayanan, 2011) or hydrogenations (Berhault, 2007; Piccolo, 2008) and also
platinum nanoparticles (Manbeck et al., 2010; Chen et al., 2011) are discovered for

hydrogenation reactions.

1.2.4 Transition metal nanoparticles as catalysts

Nanoparticles or nanowelding materials can be defined as materials within a
nanometer range of length nanometers (Fahlman, 2011) Nanoparticles can be in many
forms, such as powder, crystal, and cluster formulas. While nano-powder is decribed
mixtre of fine powder, nanocrystals are known as ultrafine particle (Nouailhat, 2011).
Nanocluster can be desribed as have a small size dispersion in the range of 1-10 nm
with at least of one dimension. In the nanoscale chart, nanoparticles lies on between
the molecular state and bulk materials and demonstrate significant properites. (Figure
1.9) (Pachon, 2008).
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Figure 1.9. Schematic representation of the size of the particles (Flipponi and
Sutherland, 2010).

The usage of nanoparticle was restricted to high-quality glass, pottery, and tile
production until 18th century. In 1850s, Michael Faraday start to discover nanoparticle
stability. At the end of the nineteenth century, Mie had investigations about color
properties of nanoparticle. Following this research, Richard Zsigmondy won Nobel
Prize in Chemistry about his study titled as colloidal suspension of gold nanoparticles
using ultramicroscopic techniques in 1925.

Since metal nanoparticles have wide surface area per volume or weight unit in
comparison with bulk metal they are considered to be likely candidates for catalysis,
namely heterogeneous metal nanoparticles typically acts on metal surfaces. Metal
nanparticles can be utilized as a catalyst due to the electrochemical properties of them.
There is a grwowing interest for the metal nanoparticles. They can be utilized as
catalysts due to their catalytic and electrochemical properties in a range of contexts
like as a resin, vesicles, surfactant for water-soluble polymer and as well. The size of
the metal nanoparticles is the driving force for the catalytic activity of them because
of the fact that the MNPs are mainly defined by their size. As the particle size
decreases, the surface area increases because of the surface area of the metal particle
is inversely proportional to squared nanoparticle diameter. As a good example is the
realationship between the percentage of surface iron atoms on spherical iron(0)

nanoparticles and their size calculated by Klaube and co-workers (Figure 1. 10).
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Figure 1.10. Relationship between the particle size and percentage of surface atoms.

Metal nanoparticles are more active catalysts than their bulk comppers due to the
increment of surface atoms with decrement of particle size. So, higher catalytic activity
is achieved with the decreasing size of the metal nanoparticles as all chemical reactions

occur on the surface of catalyst (Pileni, 1997; Fu, 2002).

1.2.5 Methods of synthesizing of Metal Nanoparticles

The synthesis of transition metal nanoparticles focus on getting clean surface, smaller
size particle, nice defined composition at the same time, in many applications. Two
methods can be utilized for the preparation of metal NPs. First one is top-down method
which is the former apporoach that bulk material has been devided into small pieces

via mechanical grinding and mechanical milling (Whynano, 2016) (Figure 1. 11).
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Figure 1.11. Schematic presentation of top down and bottom up approach (Yon and
Lead, 2008).

In the latter approach, down-top method is consists of chemical and physical
processing that is used for collecting the small pieces. Also, different types of method
Is existing for synthesis of metal NPs such as thermal decomposition and
photochemical methods, ligand reduction, transition metal salt reduction, metal vapor
synthesis, and displacement from organometallics.

1.2.6 Stabilization of metal nanoparticles

The catalytic activity of the metal nanoparticles depends on the relationship between
the size of metal nanoparticles and activity, resulting in catalytic stability. Although
metal nanoparticles are catalytically active, they tend to aggregate at higher
temperatures and harsh reaction conditions. Aggregation or coagulation of metal
nanoparticles leads to significant loss of catalyic activity of the catalysts during the
catalytic reactions. The stabilization of the metallic NPs in colloidal solution and the
means to preserve the catalytic activity is a major fact to be considered while
synthesizing these catalysts. Several ways could be used in order to preclude
agglomeration of metal NPs thus the stabilization of nanoparticles for the long terms

could be achieved.

The selection of the stabilizers is important while synthesizing transition metal NPs.
The chemical structure of the stabilizer used determine the shape and size of metal

NPs. Many articles can be found about the types of stabilization of nanoparticles when
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most of studies is examined in the literature (Pachon and Rothenberg, 2008; Schmid,
2010). Based on the nature of protective agents used, it is possible to identify five

different kinds of stabilization.

1.2.7 Electrostatic Stabilization

Particles have been surrounded by an electrical double layer formed due to anions and
cations from the initialing materials in electrostatic stabilization. As a result,
Coulombic repulsion comes out that prevent the agglomeration. (Hunter, 1986;
Hirtzel, 1985; Bard, 1986; Hunter, 1987). This electrostatic repulsion could be
achieved by using ionic compounds such as halides or carboxylates. Figure 1. 12
indicates electrostatic stabilization of metal nanoparticles.
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Figure 1.12. Electrostatic stabilization of metal NPs (Pachon, 2008).

1.2.8 Steric stabiliziation

In steric stabilization, metal center surrounded by sterically bulky materials such as
oligomers or polymers (Erdogan et al., 2009), dendrimers (Zhao et al., 1998) or
surfactants (Reetz et al., 1995, 1996) giving a layer around the metal. The bulky groups
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of the materials form a protective layer on the surface of nanoparticles. So, the
aggregration of nanoparticles will be prevented by bulky groups (Figure 1. 13).

Metal nancparticle

Figure 1.13. lllustration of a) polymer b) surfactant and ¢) dendrimer stabilized metal
nanoparticles

1.2.9 Electrosteric Stabilization

Electrosteric stabilization is the combination of steric and electrostatic effects that
ensure stabilization around the metal. This type of stabilization is similar to
polyoxoanion-stabilized nanoclusters (Zahmakiran and Ozkar, 2009; Zahmakiran et
al., 2010) (Figure 1. 14).

high local concentration
of stabiliser

Figurel.14. Electrosteric stabilization of metal nanoparticles (Pachon, 2008).
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1.2.10 Ligand Stabilization

In this type of stabilization, ligands such as phosphines, amines and S, P, N, donors of
thiols are utilized as a stabilizer to prohibit the agglomeration of metal nanoparticles.
Covalent interactions finds out between the metal and ligand molecule in this
stabilizaton methods. Platinum, palladium and gold nanoparticles in colloidal solution
have been stabilized using phosphine ligands (Duteil et al., 1995; Amiens et al., 1993).
Gold nanoparticles have been stabilized with the usage of alkanethiols and
functionalized thiols that were referred to as monolayer-protected clusters (MPCs)
(Dasog and Scott, 2007; Hou et al., 2009). Thiol stabilized nanoparticles are often
shown to be less catalytically active or inactive by reason of passivation of metal

surface.

1.2.11 Stabilization on Solid Supports

Another way to avoid from the agglomeration of metal nanoparticles is confining the
nanoparticles in space of the solid supports like metal oxides (Metinet al., 2010; Sayle

et al., 2003), metal organic frameworks or zeolites (Zahmakiran et al., 2010).

Metal nanoparticles (< 10 nm) are thermodynamically unstable due to their wide
surface areas and high surface energies. Stabilization of the metal nanoparticles is
difficult to preserve the small size while retaining catalytic activity. Furthermore, the
seperation of the catalyst could be difficult from the reaction solution after the catalytic
reaction. It could be accomplished using the solid support for the stabilization of metal
nanoparticles. Transition metal nanoparticles supported on various compounds such as

silica, carbon and alumina are used as catalyst for the heterogeneous catalysis.

The supported metal nanocatalysts show advantages such as selectivity, enhanced
activity, and prevention of aggregation by immobilization on solid support. There are

several ways to synthesis of supported metal NPs.

The first method is impregnation method mostly used one that includes the wetting of
solid support with the precursor metal solution for the synthesis of supported metal
catalysts. Firstly, metal salts are dissolved in minimum amount of solvent and solid

support is added to form slightly wet powder, the solvent is removed by drying and
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calcination in the presence of oxidizing and reducing conditions (Choi, 2008).
Polydispersed catalysts are obtained by this method (White et al., 2009; Campelo,
2008).

Another way for the synthesis of supported metal catalyst is deposition/precipitation
method. In this method, precursor metal salt is dissolved in appropriate solvent and pH
of the medium is adjust to get complete precipitation of precursor and then precipitate
is deposited on the surface of support by using calcination method (Ertl et al., 1997).

Transition metal nanoparticles supported on metal oxides have been utilized as
catalysts for a variety of organic reactions. The solid materials generally used for the
synthesis of supported metal catalysts include, silica, alumina, titania due to the high
surface area, high thermal stabilities and pore structures (Jong-San et al., 2003; Chen
and Mou, 2004; Mingshu and Wayne, 2008; Ganapati, 2005; Sun et al., 2003).

1.3  Characterization methods for metal nanoparticles

Metal NPs can be characterized by means of several techniques however none of these
are sufficient to learn information in detail about the studied materials. Therefore,
combined tachniques should be used for the characterization of nanoparticles to
classify each sample in size, structure, and catalytic properties. Figure 1. 15 depicts

the several techniques used for the characterization of metal nanoparticles.

Characterization methods | Information obtained

Dynamic light scattering (DLS) *  Size and size distribution of MNPs in solution
UV-Vis spectrum + Formation of collodial MNPs (Plamon band)

X-ray diffraction (XRD) * Crystal structure and size, chemical compostion

Nuclear magnetic resonance (NMR) *  Molecular physics, crystals and non-crystalline materials
X-ray photoelectron spectroscopy (XPS) * Surface composition of supporte MNPs

Transmission electron microscopy (TEM)

Scanning electron microscopy (SEM) mmbizeSnd momholocyach S

Energy Dispersive X-Ray (EDX) * Element and distribution of MNPs

Scanning tunneling microscope *  Size and structure of MNPs

Figure 1. 15. Some characterization techniques of MNPs.
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2. AIM AND SCOPE OF THIS STUDY

The goal of this dissertation is to prepare and characterize Cu(0) and Rh(0) NPs
supported on ceria and titania nanopowder respectively, for the dehydrogenation of
DMAB. While the copper(0) NPs stabilized on ceria nanopowder, henceforward
referred to as Cu(0)/nanoCeO., were formed from the reduction of copper(ll) 2-
ethylhexanoate, rodium(ll) hexanoate was used as precursor leading to the formation
of Rh(0) NPs, Rh(0)/nanoTiO: throughout the dehydrogenation of DMAB at 60.0 +
0.5 °C. After the catalytic dehydrogenation reaction of DMAB, copper(0) and
rhodium(0) NPs supported on nanoceria and nanotitania, respectively were examined
by means of ICP-OES, XRD, XPS, SEM, EDX, TEM, and N> adsorption-desorption
spectroscopy. Ceria supported copper(0) nanoparticles (Cu(0)/CeOz) are low-cost
catalysts in comparison with the noble metals in dehydrogenation of DMAB.
Cu(0)/CeO2 has a remarkable catalytic activity with a turnover frequency of 40 h't in
releasing 1 equivalent of pure H, gas per mole of (CH3).NHBH3 at 60.0 + 0.5 °C. The
results of the reusability tests and catalytic life time experiments indicate that
Cu(0)/CeO:2 is an efficient catalyst in dehydrogenation of DMAB.

And also, the catalytic activity and lifetime of Rh(0)/nanoTiO, was tested in the
dehydrogenation of DMAB, and found as with a record initial TOF value of 2900 h*
in H2 generation at 60.0 = 0.5 °C, which is the biggest TOF value ever recorded for
dehydrogenation of DMAB with the use of homogeneous or heterogeneous catalyst.
Rh(0)/nanoTiO: is also quite reusable catalyst preserving 57% of the initial catalytic
activity even after the fourth run of dehydrogenation reaction releasing 1 equivalent of
pure Hz gas per mole of (CH3)2NHBH3 at 60.0 + 0.5 °C. Kinetic study being relation
with the temperature and catalyst concentration, on the catalytic dehydrogenation of

(CH3)2NHBH3 was also included in this dissertation.
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3. EXPERIMENTAL PROCESSES

3.1 Materials

Copper(ll) 2-ethylhexanoate (Cu[CH3(CH2)3sCH(C2Hs)CO2]2), rhodium(ll) octanoate
([Rh(C7H15C0Oy)2]2), ceria (CeOz, 25 nm, BET surface area 48.1 m? gl), titania
nanopowder (TiO2, anatase, particle size ~ 25 nm, BET surface area 63.3 m? g1),
dimethylamine borane ((Me).NHBH3; DMAB, 97%) and toluene (99.7%) were bought
from Aldrich. Deionized water was distilled by means of water purification system
(Milli Q-pure WS). Toluene was distilled over sodium metal and stored in inert gas
atmosphere before using in all dehydrogenation reactions unless otherwise specified.
All glassware were cleaned with acetone and rinsed with copious distilled water and

then dried in an oven at 150 °C.

32 In situ preparation of Cu(0)/nanoCeO2. and catalytic
dehydrogenation of (CHs)2NHBH3

All experiments were performed under inert atmosphere. Schlenk tubes covering a
vacuum system was used for the catalytic reactions. The schlenk tube was dried under
vacuum for 30 minutes and kept under nitrogen gas to prevent moisture before all
catalytic reactions. The tap on the side of the gas outlet was attached to a graduated
glass tube full with water through a bubbler including 10 mL of methylcyclohexane
(Figure 3.1). Cu(0) NPs supported on ceria were in situ generated throughout the
dehydrogenation of DMAB. A stock solution of copper(ll) 2-ethylhexanoate (Stock
A) was prepared by dissolving 76.6 mg (0.218 mmol) copper(Il) 2-ethylhexanoate in
25 mL toluene. In a typical experiment, under nitrogen purging, a 7.50 mL aliquot of
the Stock A solution (8.74 mM Cu) was transferred to the flask including 100 mg ceria
trough a septum by using a 10 mL syringe, which had been nitrogen-flushed three
times. The resulting suspension was then stirred for 75 min to ensure a complete
adherence of Cu?" ions to the nanoceria support at 25.0 + 0.5 °C. When a thermal
equilibrium was reached, a solution of 60.1 mg (1.0 mmol) (CHs).NHBH3 in 2.5 mL

toluene was added via a gastight syringe to the flask existing the suspension of
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Cu?*/nanoceria in toluene and the reaction mixture was stirred at 1000 rpm during the

catalytic dehydrogenation of (CH3z).NHBHs.
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Figure 3.1. Schematic diagram of the reaction setup used for dehydrogenation of
DMAB.

Reduction of copper(ll) to copper(0) and the release of hydrogen gas from the
dehydrogenation of DMAB was seen concomitantly after the addition of DMAB into
the reaction mixture within in a short induction period. To determine the volume of
hydrogen gas evolved throughout the catalytic reacton, the change of water level was
measured at constant pressure, converted into the equivalent Hz per mole DMAB. The

reaction was finished as soon as hydrogen evolution was not completely observed.

3.3  Finding the most active copper loading for Cu(0)/CeO: in the
dehydrogenation of (CH3)2NHBH3

To find the most active copper loading for Cu(0)/CeO2 various copper loadings in the
range of 1.0-6.0 wt % were studied in hydrogen formation from dehydrogenation of
DMAB starting with 6.56 mM Cu and 100 mM DMAB in 10 mL toluene solution at
60.0 + 0.5 °C. The best catalytic activity was obtained by using 4.0 wt. % copper loaded
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on 100 mg ceria. For all the other catalytic reactions, Cu(0)/CeQO. with the loading of

4.0 wt. % Cu was utilized unless otherwise stated.

3.4  Preparation of Cu?*- ion impregnated on nanoceria surface

The stock solution (Stok A) prepared in Section 4.3 was also used for the preparation
of Cu?*- ion impregnated on nanoceria. For each catalytic experiment an aliquot of the
Stock A solution was moved into the flask including 100 mg nanoceria for obtaining
samples with different additions of copper in the range of 1-6% wt. To provide a
complete adherence of Cu?" ions to the ceria nanopowder support, resulting mixture

was then stirred for 75 min at 25.0 + 0.5 °C.

3.5 Activation parameters for dehydrogenation of (CHs)NHBHs
catalyzed by Cu(0)/CeO:2

Catalytic dehydrogenation reaction of 100 mM DMAB was carried out starting with
6.56 mM Cu (4.0% wt.) at various temperatures (60, 55, 50, 45 °C). The data of the
rate constant were found via the plots of hydrogen versus time and used for
determination of the activation energy, enthalpy alteration of activation, and entropy
alteration of activation by ploting Eyring-Polanyi curve.

3.6 Leaching test and Kkinetic competence of Cu(0)/CeO2 in the
hydrogen generation of (CHs)2NHBH3

After the first run of catalytic dehydrogenation of DMAB starting with 10 mL of 100
mM DMAB (60.12 mg (CH3).NH.BHz3) and 6.56 mM Cu(ll) impregnated on 100 mg
ceria (4.0 wt. % Cu) at 60.0 + 0.5 °C, the catalyst was expected to settle down, the
reaction solution was then filtered into another reaction flask under inert gas
atmosphere. The isolated solid and the filtrate solution were examined for their
catalytic activity under the same reaction conditions by adding a new batch of DMAB

(100 mM). Furthermore, the filtrate was examined with use of ICP-OES to prove that
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copper free leached into the solution from the surface of nanoceria throughout the
dehydrogenation of DMAB.

3.7 Recyclability of ceria supported copper(0) nanoparticles in the
catalytic dehydrogenation of (CH3)2NHBHj3

After the completed dehydrogenation of DMAB in the first run, a second batch of
DMAB (60.12 mg) has been added to the solution without removing anything from
the reaction medium. The catalytic activity was determined by observing the rate of

hydrogen generation.

3.8 Catalytic lifetime of Cu(0)/CeO:2 in the dehydrogenation of
(CH3)2NHBHs3

The catalytic lifetime of Cu(0)/CeO in the dehydrogenation of DMAB was obtained
by determining the total turnover number (TTO). In a lifetime experiment, 6.56 mM
Cu(0)/CeO2 and 250 mM DMAB was used in a 10 mL toluene solution. Once the
complete conversion of DMAB was provided, extra DMAB was added into the

reaction flask in N2 purging.

3.9 Poisoning test for Cu(0)/CeO: in the dehydrogenation of
(CH3)2NHBH3

A stock solution of CS; in toluene (Stock B) was obtained by dissolving 120 uL CS»
in total 25 mL toluene under inert atmosphere and used for performing the catalyst
poisoning experiments,. A typical catalytic dehydrogenation reaction was started with
6.56 mM Cu (4.0% wt. Cu, Cu(0)/CeO3) at 60.0 = 0.5 °C. After 40% conversion of
reaction was attained, 0.2 equivalent (1.31 mM, pL 160) CS per copper was
transferred to the reaction medium via a gastight syringe to poison the catalyst. Upon

the addition of CSy, the hydrogen generation ceased.
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310 In situ preparation of Rh(0)/nanoTiO2 and catalytic
dehydrogenation of (CHs)2NHBH3

Rhodium(0) NPs supported on titania were in situ generated throughout the
dehydrogenation of (CHs).NHBHs. A stock solution of 0.49 mM Rh?* was prepared
by dissolving 4.77 mg Rh(ll) octanoate in about 5 mL of toluene in a volumetric flask
under nitrogen atmosphere and diluted to 25 mL by adding more toluene. In a typical
experiment, under nitrogen purging, a 7.50 mL aliquot of stock solution (0.37 mM Rh)
was transferred to the reaction flask containing 50 mg TiO> trough a septum by using
a 10 mL syringe and the resulting mixture was stirred for an hour at 25.0 °C. The
jacketed flask was surounded by circulating water at 60.0 + 0.5 °C or at a specified
temperature. A solution of 60.1 mg (1.0 mmol) (CHz)2NHBH3 in 2.5 mL toluene was
added via a gastight syringe to the flask including the suspension of rhodium(Il)
octanoate and titania in toluene and the reaction was began with stirring the mixture at
1000 rpm after the thermal equilibrium was reached. The changement of the water
level in the glass tube was measured for the determination of the hydrogen volume
evolved during the catalytic reaction. And it was transformed into the equivalent H»
per mole of (CH3)2NHBHS:.

3.11 Influence of rhodium loading on the catalytic activity of
Rh(0)/nanoTiO2

A series of experiments were performed starting with 10 mL of solution containing
(60.1 mg) 100 mM (CHs)2NHBH3 in order to test the activity of the catalyst with
different Rh loading and thus in various rhodium concentrations (0.1, 0.2, 0.3, 0.4, 0.5
wt. % Rh or 0.049, 0.097, 0.15, 0.20 and 0.24 mM Rh, respectively).

3.12 Recyclability of Rh(0)/nanoTiOz2 in the dehydrogenation of
(CH3)2NHBHs

After dehydrogenation of DMAB began with 60.1 mg (100 mM) DMAB and 0.96 mg
rhodium(II) octanoate (0.50 wt.% rhodium, 2.4 pmol Rh) in 10 mL solution at 60.0 +

0.5 °C was completed, the catalyst was kept in the reaction medium and a new batch

28



of DMAB was added to the reaction mixture. The same procedure was applied for a
subsequent run of dehydrogenation of DMAB at 60.0 + 0.5 °C.

3.13 Catalytic lifetime of Rh(0)/nanoTiO: in the dehydrogenation of
(CH3)2NHBH3

The catalytic lifetime of Rh(0)/nanoTiO2 was obtained by determining TTO number
in the dehydrogenation of DMAB. For a catalytic life time experiment was carried out
by starting 10 mL solution including 50 mg Rh(1l)/nanoTiO2 (0.50 wt.% rhodium, 2.4
umol Rh) and 100 mM (60.1 mg) (CHs).NHBHs: at 60.0 + 0.5 °C. When
dimethylamine borane in the solution was completely dehydrogenated, more DMAB
was added to the raction solution and the reaction was monitored for no more hydrogen

gas evolution.

3.14 CS: poisoning test for Rh(0)/nanoTiO: in the dehydrogenation of
(CH3)2NHBH3

For the poisoning experiment of Rh(0)/nanoTiO- in the dehydrogenation of DMAB, a
2.0 mM CS; stock solution has been prepared in 10 mL toluene. A typical
dehydrogenation reaction of DMAB catalyzed by Rh(0)/nanoTiO2 was begun with
0.24 mM Rh (0.5 wt. % Rh, Rh(0)/TiO2) at 60.0 + 0.5 °C. After 50% conversion of
(CH3)2NHBH3 0.2 equivalent CSz (49 uM, 250 uL stock solution) was added to the
reaction mixture via gastight syringe. The hydrogen gas evolution ceased immediately
as soon as addition of CS; solution. The reaction was observed for 20 minutes to ensure

no further gas evolution.
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3.15 Leaching Test for Rh(0)/nanoTiOz2 in the dehydrogenation of
(CH3s)2NHBHs

A leaching test was performed to determine the amount of rhodium transferred from
the surface of nanotitania to the reaction solution for Rh(0)/nanoTiO2 in
dehydrogenation of DMAB. The first run of catalytic dehydrogenation of DMAB (0.5
wt. % Rh, 0.24 mM Rh) at 60.0 + 0.5 °C was finished, before the reaction solution was
allowed to settle down. The reacion solution was filtered under nitrogen gas
atmosphere through a microfilter of 0.45 microns and transferred into another schlenk
tube. A new batch of (CH3z)2NHBHz (60.1 mg, 100 mM) was added to the solution at
60.0 £ 0.5 °C. The reaction was begun and hydrogen evolution was monitored.
Furthermore, the solution obtained by filtration from the reaction mixure after the
catalytic dehydrogenation reaction was also analyzed by ICP-OES for the rhodium

content.

3.16 Characterization of ceria supported Cu(0) and titania supported
Rh(0) NPs

In situ generated Cu(0) and Rh(0) NPs were characterized by using X-ray
photoelectron spectra (XPS), X-ray diffraction (XRD), transmission electron
microscopy (TEM), scanning electron microscopy (SEM), Nuclear magnetic
resonance (NMR) and UV-vis techniques after the catalytic reaction of dimethylamine

borane.

TEM analysis: A 0.2 mL of aliquot solution was taken from the reaction medium
after the dehydrogenation reaction for TEM analysis and diluted in 2 mL ethanol was
transferred into glass vial. Carbon coated copper grid was immersed into the colloidal
solution to deposite the nanoparticles for 5 seconds and then the volatilies was
evaporated from the copper grid in inert atmosphere. The analysis of the samples were
done by using a JEM-2010F (JEOL) TEM instrument operating at 200 kV.
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SEM analysis: A scanning electron microscope (SEM, JEOL 6390-LV) with the
accelerating voltage of 20 kV was utilized to research the surface morphology of the
Cu(0)/Ce0O2 and Rh(0)/TiO2 samples. The micrographs of specimen surfaces was
obtained from the secondary electron image to investigate the morphological structure

of samples. Samples was also coated with Au to improve resolution.

X-ray Diffraction: The samples for XRD analysis were prepared from reaction
solution after dehydrogenation reaction by removing the volatiles in vacuum at room
temperature. The X-ray diffraction (XRD) pattern was recorded on a Rigaku Multiflex
2kW diffractometer with Cu-Ka radition (A= 1.5418 A) in the range 22=10-90° at a
scan of 5°/min and a step increment of 0.02° at room temperature at Abant Izzet Baysal

University.

(XPS)- X-Ray photoelectron spectroscopy: X-ray photelectron spectra of ceria
supported Cu (0) and titania supported Rh(0) NPs were taken by using Physical 15
Electronics 5800 spectrometer. The equipment is accommodated up monochromatic
Al-Ka radiation of 1486.6 eV with X-ray tube working at 15 kV, 350W.

UV-Visible Spectroscopy: Schimadzu-2540 double beam spectrometer was utilized
for a 100 pL solution for the UV-vis analysis of the samples and at a spectral range of

200-800 nm. Spectrum was recorded using a 1cm quartz cuvette at room tempereture.

FT-IR Spectroscopy: ATR-IR spectra were recorded on by means of Perkin Elmer
UATR Spectrum Two IR Spectrometer.

NMR Spectroscopy: Bruker Avance DPX 400 MHz spectrometer with a working
frequency of 128.15 MHz was used for 'B-NMR analysis of the samples. External
refrence was BF3+(C2Hs)20 for *'B-NMR chemical shifts.

BET analysis: Nova 3000 series Quantachrome Instrument was used for the BET
analysis of the samples. Degassion process was carried out for 3 h at 573 K before the
N2 adsoprtion.
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4. RESULTS AND DISCUSSION

4.1  Copper(0)/Ceria nanoparticles

4.1.1 Insitu formation of ceria supported copper(0) nanoparticles

Copper(ll) 2-ethylhexanoate was used as a precursor for the generation of copper(0)
nanoparticles catalyst in the dehydrogenation of DMAB in toluene solution. In situ
formation of Cu(0) NPs from the reduction of copper(ll) 2-ethylhexanoate and
concomitant H> release from the catalytic dehydrogenation/dehydrocoupling of
DMAB occured in the same medium. When copper(ll) 2-ethylhexanoate is added to
the toluene solution of DMAB at 60.0 + 0.5 °C, a fast evolution of hydrogen initiates

immediately without induction period (Figure 4. 1).

08 o o °
o (s}
o
Q
o
IN 0.6 - o
t o
@
= 0
2 04 ©
5 o
o
L [}
c
0.2
(]
<
00 o
I M ) ' 1 4 T 4 T ' | ' 1
0 50 100 150 200 250 300
time (min)

Figure 4.1. Plot of mole H; evolved per mole of dimethylamine borane versus time
for dehydrogenation of (CHs).NHBHS3 starting with 10.0 mL solution containing 30

mM Cu, 100 mM (CHa),NHBH; at 60.0 + 0.5 °C.

32



However, the hydrogen evolution slows down after the release of about 0.5 equivalent
H2 per mole of DMAB (ca 10 minutes) indicating deactivation of the catalyst formed.
During the reduction of the precursor Cu(C7H15COz)z2, the color of reaction solution
gradually changes greenish-blue to red within less than 10 minutes indicating the
formation of Cu(0) NPs. This color change implies that the reaction can be followed
by monitoring the changes in the UV-vis electronic absorption spectrum of solution.
The starting solution containing 30 mM copper(ll) 2-ethylhexanoate in toluene
exhibits an intense absorption band at Amax = 296 nm and a broad band at Amax = 668

nm in the spectrum (Figure 4. 2).
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Figure 4.2. UV-vis spectra of solutions containing 30 mM of copper(ll) 2-
ethylhexanoate in toluene before and after addition 100 mM of (CHs).NHBH3 into
the solution at specific time intervals.

Comparing to the literature values (Lever, 1984), the broad band at 668 nm is attributed
to the d-d transition and the strong band at 296 nm to the LMCT transition in
Cu(C7H15C0O2)2. The spectral features change immediately when DMAB is added to
the solution and a new band becomes clear in at 361 nm. This absorption band can be
attributed to plasmon resonance band of Copper(0) Nanoparticles (Ehrenreich and
Philipp, 1962, Creighton and Desmond, 1991). The latter two bands lose intensity as
the reaction proceeds and ultimately disappear within 1 hour. Concomitantly, the

reaction solution becomes clear with the precipitation of bulk metal. This observation
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indicates that copper(0) NPs, formed from the reduction of copper(ll) ions throughout
dehydrogenation of DMAB, are not stable and therefore converted to the bulk metal
within a short time. 2-ethylhexanoate ion is only potential stabilizer in the reaction
solution which does not provide enough stabilization for the Cu(0) NPs against

agglomeration. (Ozkar and Finke, 2002).

The decreasing in the catalytic activity is another evidence for the agglomeration of
copper(0) nanoparticles (Figure 4.1). In order to stabilize the in situ generated
copper(0) nanoparticles against agglomeration they were supported on the surface of
ceria nanopowders. Copper(0) NPs supported on nanoceria (Cu(0)/CeQO2) were in situ
formed from the reduction of copper(ll) ions impregnated on nanoceria (Cu?*/CeQ2)
during the catalytic dehydrogenation of DMAB. When dimethylamine borane was
added to a suspension of Cu?*/CeO: in toluene, both the generation of Cu(0)
nanoparticles and catalytic dehydrogenation of DMAB occur concomitantly. The
formation of Cu(0) NPs and concomitant dehydrogenation of DMAB was monitored
by following the volume of H> generated. And it was turned into the equivalent Hz per
mole of DMAB using the known 1:1 H2/(CHs).NHBHS3 stoichiometry. (Eq.1). Figure
4. 3 indicates the plot of equivalent H> per mole of DMAB versus time for the
dehydrogenation of DMAB beginning with Cu?*/CeO> precatalyst (6.56 mM Cu) and
100 mM DMAB in 10 mL toluene at 60 + 0.5 °C.
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Figure 4.3. The evolution of equivalent Hz per mole of (CH3z).NHBH3 DMAB versus
time plot for the dehydrogenation of DMAB starting with Cu(ll)/Ceria precatalyst
(6.56 mM Cu) and 100 mM DMAB at 60.0 + 0.5 °C.
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The generation Kkinetics of the Cu(0) NPs can be attained with the use of the
dehydrogenation of DMAB as recorder reaction (Watzky, 1997a, Watzky, 1997b;
Widegren et al., 2003) (Figure 4. 4), in which A is the added precursor Cu(C7H15CO3)2
and B is the growing copper(0) nanoparticles. The observation of a sigmodial
dehydrogenation curve is very powerful demostration for the generation of metal(0)

nanoparticle catalyst.

In Figure 4. 3, the determined rate constants by the nonlinear least-squares curve fit
are ki= 1.10x102 + 1.63x10° min?t and k. = 2.80 + 1.31x102 M min? (the
mathematically required correction was made to k for the stoichiometry factor of 16,
as defined elsewhere (Widegren et al., 2003), but not for the ‘scaling factor’; that is,
any corrections have not been made for the count of Cu atoms on the growing metal

surface.
A—K o B
A+B k, = B
H2B_NM82
IMe,HN-BH, ™ ||t 2
MezN_BHz

Figure 4.4. Illustration of the dehydrogenation of (CH3).NHBHz as reporter reaction
for the formation of copper(0) nanoparticles: A is the precursor copper(ll) ion
impregnated on Ceria and B is the growing Cu(0)» nanoparticles.

4.1.2 Characterization of Cu(0) NPs supported on CeO2

The ceria supported copper(0) nanoparticles, in situ formed by the reduction of
copper(1l) precursor throughout the dehydrogenation of DMAB, were seperated from
the reaction solution and characterized by means of XRD, SEM-EDS, TEM and XPS
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techniques. The XRD patterns of CeO2 and Cu(0)/CeO- with a copper loading of 4.0%
wt. Cu, shown in Figure 4. 5 aand b, respectively, exhibits the characteristic diffraction
peaks of CeO- at 28.5° 33.1° 47.5°, 56.3° 59.1° 69.5° 76.8° and 79.1° assigned to
the (111), (200), (220), (311), (222), (400), (331) and (420) reflections of CeO, (ICDD
Card 34-0394). The comparison of XRD patterns of two samples clearly show that
there is no observable peak which would be attributed to copper, most likely due to
low copper loading on ceria. Furthermore, no change is observed in the positions of
ceria diffraction peaks. Hence, one can conclude that copper loading does not alter the
structure of support. However, Debye-Scherrer equation was used to calculate the
crystallite size of pure ceria and Cu(0)/CeO2 sample and found as 24.9 nm and 13.4

nm, respectively.
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Figure 4.5. Powder XRD patterns of (a) CeO2 and (b) Cu(0)/CeO. with a 4.0% wt. Cu
loading.

Thus, one can conclude that copper loading during the catalytic process causes a
decrement of the crystallite size and relative intensity of the main peak of CeO: in
Figure 4. 5. The presence of copper nanoparticles in the loaded sample may cause a
decrease in the crystallinity of host material.

SEM analysis was utilized to examine the morphology of the surface of ceria and
Cu(0)/CeO2. Figure 4. 6 displays the SEM image of pure ceria and ceria supported
Cu(0) NPs with a metal loading of 4.0% wit.
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o) Adgbting

Figure 4.6. () SEM image of CeO,, (b) SEM image of Cu(0)/CeO2 with a 4.0% wt.
Cu.

SEM-EDX spectrum and elemental mapping of Cu(0)/CeO with a metal loading of
4.0% wt. given in Figure 4.7 indicate that copper and gold are the only elements

detected in addition to the framework elements of ceria (Ce, O).

Figure 4.7. Elemental mapping of Cu(0)/CeO2 with a 4.0% wt. Cu.

Moreover, SEM-EDX results show that the copper loading is 4.0 % wt. for Cu
(0)/CeO2 sample as seen from the Table in the inset of Figure 4.8. This indicates that
all the copper are on the surface of ceria. Additionally, the mapped SEM micrograph
analyses of the sample indicate good elemental distribution in the copper loaded ceria

sample.
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Elt. | Line | Intensity | Error | Conc Units
(c/s) 2-sig
0] Ka 40.87 2.021 | 14.626 | wt.%
Cu | Ka 14.91 1.221 | 4.271 wt.%
Ce |La 150.10 3.874 | 81.103 | wt.%
100.000 | wt.% | Total

Figure 4.8. SEM-EDX spectrum of Cu(0)/CeO> with a 4.0% wt. Cu.

10.

keV

Figure 4. 9 depicts the TEM images of Cu(0)/CeO- with a copper loading of 4.0% wt.

taken at different magnifications after catalytic reaction indicating a uniform

distribution of copper(0) NPs on the surface of ceria nanopowders. The particle size

histogram of copper(0) NPs was constructed measuring the size of more than 100 non-

touching particles from TEM images (Figure 4.9d).

The histogram (Figure 4.9d) indicates the presence of highly dispersed copper(0) NPs

on the ceria surface in the range 1.8-5.3 nm with an average particle size 3.1 + 0.8 nm.

The BET surface area was determined to be 55.1 and 48.7 m? g* for CeO, and

Cu(0)/CeO2 with a copper loading of 4.0% wt., respectively. The slight decrease in the

surface area observed upon copper loading of ceria implies the presence of copper NPs

on the surface of ceria.
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Figure 4.9. (a-c) TEM images of Cu(0)/CeO. with a 4.0% wt. Cu loading in different
magnifications with scale bars of 5, 10, and 20 nm, respectively. (d) the histogram for
the particle size distribution.

To investigate the composition of Cu(0)/CeO, formed in situ during the
dehydrogenation reaction of DMAB and oxidation state of copper XPS technique was
used (Figure 4.10). The survey-scan XPS spectrum of Cu(0)/CeO. with a copper
loading of 4.0% wt. (Figure 4.10a) shows that copper is the only element detected in
addition to the ceria framework elements (Ce, O) in agreement with SEM-EDX result.
Figure 4.10b shows the high resolution scan and deconvolution for the Cu 2p core of
Cu(0)/CeOz indicating two prominent peaks at 930.6 and 950.8 eV which are assigned
to copper(0) 2pa2 and 2p1p, respectively (Miller and Simmons, 1993). Two relatively
weak peaks observed at 933.8 and 952.2 eV are attributable to copper(ll) 2pz» and
2p1s2, respectively (Ghijsen et al., 1988; Chawla et al., 1992). Additional weak peaks
are due to shake up process. CuO is most likely formed upon air exposure of
Cu(0)/CeOz2 during the XPS sampling (Chusuei et al., 1999). The high resolution XPS
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spectra of Ce 3d core for the CeO2 and Cu(0)/CeO2 with a copper loading of 4.0 % wt.
samples are depicted in Figure 4.10c. The two spectra in Figure 4.10c are essentially
the same as given in the literature (Béche et al., 2008). No noticeable change in the

spectrum of Ce 3d is observable upon copper loading.
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Figure 4.10. X-ray photoelectron (XPS) spectra of Cu(0)/CeO2, sample with
copper loading of 4.0% wt. Cu. (a) The survey scan. (b) The high resolution scan
and deconvolution of Cu 2p bands. (c) The high resolution scan of Ce 3d bands.
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4.1.3 Catalytic Activity of Cu(0)/CeO:2 in dehydrogenation of DMAB

In order to test the catalytic activity of nanoceria in dehydrogenation of DMAB, a
control experiment was started with 1.0 mmol (CH3z)2NHBHz and 100 mg powder of
CeO; in 10 mL of toluene solution at 60.0 + 0.5 °C. No hydrogen evolution was
observed over 2 h indicating that nanoceria support is catalytically inactive for the
dehydrogenation of DMAB. The same experiment was performed starting with
Cu(0)/Ce0O2 samples having different loading of copper in the range 1-6% wt. Cu and
the same amount of ceria support (100 mg CeO3) in 10 mL toluene at 60.0 + 0.5 °C.
The copper(0) nanoparticles supported on ceria nanopowders were found to be highly
active catalyst in the dehydrogenation of DMAB. Note that all the experiments for
measuring the catalytic activity of Cu(0)/CeO. samples were performed at least three
times to estimate the percent error in the results of each experiment. Figure 4.11
indicates the plots of mol H> evolved per mole of DMAB versus time for the
experiments performed starting with Cu(0)/CeO2 samples of different copper loading
in the range 2-6% wt. in the dehydrogenation of 100 mM (CHz).NHBH3 to determine
the effect of copper loading on the activity of ceria supported copper(0) nanoparticles
catalyst in dehydrogenation of DMAB.
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Figure 4.11. (a) mol H2/ mol (CH3).NHBH3 versus time graph depending on the
different copper loading in Cu(0)/CeO- for the dehydrogenation of DMAB (100 mM)
at 60.0 £ 0.5 °C. (b) TOF values of the catalyst at different Cu loadings.

The turnover frequency (TOF) values in the catalytic dehydrogenation reactions of
DMAB were calculated from the slope of each plot in linear portion and found to be
33, 35, 40, and 25 h* for Cu(0)/CeO2 samples containing 2.0, 3.0, 4.0, and 6.0% wt.
Cu, respectively. Plotting the TOF versus copper loading gives a volcano shape
variation for the catalytic activity of copper(0) nanoparticles supported on ceria
nanopowders in the dehydrogenation of DMAB at 60.0 + 0.5 °C (Figure 4.11b). The
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highest catalytic activity (TOF = 40 h!) was achieved by using the 4.0% wt. copper
loaded ceria sample. The catalytic activity of Cu(0)/CeO2 nanoparticles decreases with
increasing of copper loading, most probably due to the agglomeration of metal
nanoparticles. So, it leads to decrement in the accessibility of active sites and surface
area. Therefore, Cu(0)/CeO2 samples with copper loading 4.0 wt in percent were used
for all experiments in this study. The apparent TOF value of 40 h! is comparable with
that of the prior best heterogeneous catalyst (ruthenium nanoparticles, TOF = 137 hl)
(Duman and Ozkar, 2013), but much higher than those of the other heterogeneous and
homogeneous catalysts, with one exception of homogeneous titanocene catalyst (Pun
et al., 2007) reported for the dehydrogenation of DMAB up to now (Table 1).

Table 1. Heterogeneous catalysts used in the dehydrogenation of (CH3).NHBH3
obtained from SciFinder literature search.

Entry Precatalyst /catalyst Solvent Temp. (°C) Time (h) EquivalentH, TOF(h) Ea(kmol*) Ref

1 [Rh(1,5-cod)(u-Cl)]2 Toluene 25 8 1.0 12.4 ND Jaska et al., 2003

2 [Ir(1,5-cod)(p-Cl)]» Toluene 25 136 0.95 0.7 ND Jaska et al., 2003

3 Rh(0)/[Nocts]ClI THF 25 6 0.9 8.2 ND Jaska and Manners, 2004
4 Rh(0) Nanoclusters Toluene 25 25 1.0 60 34+2 Zahmakiran and Ozkar 2009
5 Pd(0)/MOF Toluene 25 6 1.0 75 173.5+2 Gulcan et al., 2014

6 Pt(0)NPS/AA THF 25 0.6 1.0 15 64+2 Sen et al., 2014

7 Pt(0)/TBA THF 25 1 1.0 31 46.7+ 2 Erken et al., 2016

8 Pt(0)/DPA@GO THF 25 1 1.0 35 4242 Celik et al., 2016

9 OAm-stabilized Ru(O)NPs ~ Toluene 25 15 1.0 137 29+2 Duman and Ozkar 2013
10 RUu(0)APTS THF 25 2 1.0 55 61£2 Zahmakiran et al, 2012
11 Cu(0) NPs Toluene 60 1 1.0 40 76+2 This work

In order to investigate the effect of catalyst concentration on the catalytic activity in
dehydrogenation of DMAB, a series of experiments were carried out by initiating with
various amounts of ceria while adjusting the copper loading constant at 4.0 wt in

percent.

Figure 4.12 indicates the plots of mol H> per mole of DMAB versus time throughout
the catalytic dehydrogenation of 100 mM (CHs).NHBH3 solution in the presence of
Cu(0)/CeO2 nanoparticles in various copper concentrations (1.64, 3.27, 4.92 and 6.56
mM) at 60.0 + 0.5 °C. To determine the hydrogen formation rate, the linear portion of
the each plot was used. The linear line with a slope of 1.16 indicates that the

dehydrogenation reaction is first order in respect of the catalyst concentration (Figure
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4.12). The catalytic dehydrogenation of DMAB was also performed at different
temperatures in the range of (45-60 °C) starting with Cu?*/CeO-, copper loading 4.0%
wt. Cu, copper concentration [Cu] = 6.56 mM and substrate concentration [DMAB] =
100 mM. As expected, the rate of hydrogen generation from dehydrogenation of

DMAB is directly proportional with the temperature.
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Figure 4.12. (a) mol H2/ mol DMAB versus time graph depending on the copper
concentration in Cu(0)/CeO: for the dehydrogenation of DMAB (100 mM) at 60.0 +
0.5 °C. Inset: plot of H. generation rate versus concentration of copper (both in
logarithmic scale)

The rate constants for the dehydrogenation of DMAB at various temperatures were
determined by using the slope in linear part of each plot shown in Figure 4.13a and
used for the construction of Arrhenius (Laidler, 1987) and Eyring (Eyring, 1935) plots
given in Figure 4.13b and 4.13c, respectively, yielding the activation energy Ea =76 +
2 kJ/mol, activation enthalpy AH* = 80 + 2 kJ/mol.

After the completion of dehydrogenation performed starting with 6.56 mM Cu/CeO2
plus 100 MM (CH3)2NHBH3 in 10 mL toluene at 60.0 £+ 0.5 °C, the suspension was
filtered and both the isolated solid and the filtrate solution were tested for their catalytic
activity in the dehydrogenation of DMAB under the same reaction conditions by
adding a new batch of (CHs)>NHBH3 (100 mM). As shown in Figure 4.14, the filtrate
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solution is silent in the dehydrogenation of DMAB indicating that there is no leaching
of copper into the solution during the dehydrogenation reaction. The filtrate solution
was also analyzed by ICP-OES for its copper content and found to have 0.005 mM
copper. Compared to the initial concentration of 6.56 mM Cu, this small value

indicates that the copper leaching into the solution is negligible.
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Figure 4.13. a) mole H> evolved per mole of (CH3)2NHBHj3 versus time plot for the
catalytic dehydrogenation of dimethylamine borane at various temperatures in the
range of 45-60 °C keeping the concentration of substrate at [DMAB]=100 mM and
copper at [Cu]=6.56 mM (4.0% wt. Cu) b) Arrhenius Plot ¢) Eyring Plot.
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On the other hand, the isolated solid materials show catalytic activity when dispersed
in 10 mL DMAB solution (100 mM). Compared to the initial catalytic activity (TOF
= 40 h') one observes a decrease in catalytic activity (TOF = 20 h') of the solid
materials. This decrease in catalytic activity may be arising from agglomeration of
copper(0) NPs to the large particles or losing materials during the isolation of
nanoparticles. Nevertheless, these two observations indicate that ceria supported
copper(0) nanoparticles are adept competent catalyst in the dehydrogenation of
DMAB.
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Figure 4.14. The evolution of equivalent hydrogen per mole of DMAB versus time
plot for the dehydrogenation of DMAB (100mM) starting with Cu?*/CeO; (square,
[1), Cu(0)/CeO2 solid sample after first run (circle, o), the catalytic activity of filtrate

solution obtained by filtration of active catalyst after reaction (triangle, A) at 60.0 £
0.5°C.

The mechanism of catalytic dehydrogenation of DMAB over the transition metal
center has been well established by identifying the intermediates (Douglas, 2009).
Dimethylamine borane binds to the copper center through BH: group forming an inner
sphere intermediate which undergoes first H-transfer and then 3-hydrogen elimination
from N-H bond yielding the metastable Me2N=BH.. The latter intermediate is not
stable and converted to the stable cyclic dimer. At the end of the catalytic reaction the
B-NMR spectrum was taken from the reaction solution for a complementary
experiment. The spectrum show that Me>NH3BH3 (6=-14 ppm, q) is completely turned
to the cyclic dimer [Me2NBH2]. (6= 5 ppm, t) after the catalytic reaction of DMAB.
48



In a control experiment, after the completion of hydrogen generation from the
dehydrogenation of DMAB starting with 6.56 mM Cu(0)/CeO2 plus 100 mM
(CH3)2NHBH3 in 10 mL toluene solution at 60.0 + 0.5 °C, a second batch of DMAB
was added to the solution without removing anything from the reaction flask and the
hydrogen release from the DMAB was monitored as before. The complete release of
hydrogen is achieved in both of the catalytic reactions of DMAB catalyzed by ceria
supported copper(0) nanoparticles. A significantly decrement of catalytic activity was
observed in the second run of dehydrogenation of DMAB added directly into the
solution. However, the complete release of 1 equivalent H: is achieved in the second
run as well (Figure 4.15a). The decrease in catalytic activity in the second run of
dehydrogenation is due to agglomeration of copper(0 nanoparticles. Indeed, one
observes an increase in average particle size of copper(0) nanoparticles supported on
ceria as seen from the TEM image (Figure 4.15b) and corresponding histogram (Figure
4.15c) of the sample harvested after the second run of dehydrogenation of DMAB.

49



(a)

1.0 S o o (o] (o]
o
|:|I:l ° °
0.8 -
o o
om
< (o]
= 0.6- . o
o
° a
E 0.4 - o o
T o
° oo
E 024 ,
1@
0.0qo

30 60 90 120 150 180 210
Time (min)

Frequency (%)

2.0 25 3.0 35 4.0 4.5
particle size (nm)

Figure 4.15. a) Plot of H. evolved per mole of (CH3z)2NHBH3z versus time for
dehydrogenation of 100 mM DMAB starting with 6.56 mM (Cu?*/CeQ2, 4.0% wt.
Cu)(square, [1), catalytic activity of the solution after the addition of a second batch of
DMAB (100mM)(circle, o), b) TEM image of Cu(0)/CeO2 NPs after the second run of
the reaction, c) the corresponding histogram for the particle size distribution.
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Measurement of TTO number was utilized to determine the catalytic lifetime of
Cu(0)/CeO2 catalyst in the dehydrogenation of DMAB. A lifetime experiment was
performed by beginning with 6.56 mM Cu (copper loading on ceria is 4.0% wt. Cu) in
10 mL solution of DMAB at 60.0 + 0.5 °C. Figure 4.16 gives the variations in total
turnover number (TTO) and turnover frequency (TOF) versus time during the
dehydrogenation of DMAB by Cu(0)/CeO: at 60.0 £ 0.5 °C. Ceria supported copper(0)
nanoparticles provide 225 total turnovers in the dehydrogenation of DMAB at 60.0 =
0.5 °C before deactivation. The observation of a decrease in the TOF value during the
reaction indicates that the deactivation of the catalyst is due to the aggregation of metal

nanoparticles.
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Figure 4.16. Plot of total turnover number (TTO) or turnover frequency versus time
for the dehydrogenation of DMAB in 10.0 mL toluene solution containing
Cu?*/CeO, with (copper loading of 4.0% wt. Cu, 6.56 mM Cu), 250 mM
(CHz)2NHBH3 (for each run) at 60.0 + 0.5 °C.

The heterogeneity of Cu(0)/CeO: catalyst was tested by poisoning experiment. The
access of the substrate to the active site is locked by poison due to the binding of poison
to the metal center (Hornstein et al., 2002; Vargaftik, 1989). In our poisoning
experiment, carbon disulfide was used as poison and 0.2 equivalent CS; per mole of

catalyst was injected into the solution throughout the dehydrogenation of DMAB. In a
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typical poisoning test, 0.2 equivalent CS: per mole of catalyst was added to the reaction
medium at 60.0 + 0.5 °C after the release of 40% hydrogen from dehydrogenation of
DMAB (100 mM) catalyzed by 6.56 mM Cu (4.0% wt. Cu) in 10 mL toluene solution.
Figure 4.17 exhibits the plot of mole H> evolved per mole of DMAB vs time for the
catalytic dehydrogenation of DMAB before and after addition of CS> poison.
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Figure 4.17. Plots of mole H; evolved per mole of dimethylamine borane versus time
for the dehydrogenation reaction of 100 mM (CHz).NHBH3 catalyzed by Cu(0) NPs
supported on ceria (copper loading of 4.0% wt., 6.56 mM Cu) with and without
addition of 0.2 equiv. CS; at 60.0 + 0.5 °C.

It is clearly seen that the reaction is entirely ceased upon addition of 0.2 equivalents of
CS2 per mole of Cu catalyst in a very short time which indicates that the
dehydrogenation of DMAB catalyzed by ceria supported copper(0) nanoparticles is

indeed heterogeneous catalysis.
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4.2  Rhodium(0)/Titania Nanoparticles

4.2.1 Insitu generation of Rh(0) nanoparticles from the reduction of
Rh(I1) octanoate during the dehydrogenation of DMAB

Rhodium(Il) hexanoate has been used as precursor leading to the formation of
rhodium(0) nanoparticles which are catalytically active in the dehydrogenation of
DMAB but not very stable (Zahmakiran and Ozkar, 2009). We tested the catalytic
activity and stability of rhodium(0) nanoparticles formed from the reduction of
rhodium(Il) octanoate, with a 2-carbon longer carboxylate, in dehydrogenation of
DMAB under the same conditions. Figure 4.18a shows the plots of mol H> evolved
per mole of DMAB versus time for the catalytic dehydrogenation of 100 mM DMAB
performed starting with rhodium(ll) octanoate in different rhodium concentration (1.0,
2.0, 3.0 mM Rh) in 10 mL toluene at 25.0 + 0.5 °C. The average turnover frequency is
TOF = 44 ht, which is comparable to the value of 60 h' obtained by starting with
rhodium(ll) hexanoate at 25.0 £ 0.5 °C (Zahmakiran and Ozkar, 2009). The
recyclability tests (Figure 4.18b) show that both the catalytic activity and conversion
decrease in successive runs. In other words, less than 1 equivalent Hz is evolved in the
subsequent runs: Only 40% of H. can be obtained in the 5" run of dehydrogenation of
DMAB at 25.0 £ 0.5 °C. In order to test the temperature dependence of catalytic
activity and stability of the rhodium(0) nanoparticles, the formation of rhodium(0)
nanoparticles and concomitant dehydrogenation of DMAB were performed starting
with 100 mM (CH3).NHBH3 and 1.0 mM rhodium(ll) octanoate in 10 mL toluene
solution at various temperature in the range of 25-60 °C (Figure 4.18c). In all
experiments, the hydrogen evolution starts immediately and continues almost linearly
until the complete conversion of DMAB present in the solution releasing 1.0
equivalent Hz per mole of (CH3).NHBHz3. Evaluation of the temperature dependent
Kinetic data by using the Arrhenius equation (Laidler, 1987) yields an activation energy
of Ea = 43 + 2 kJ/mol, which is comparable to the value obtained starting with

rhodium(1l) hexanoate (Ea = 34 £ 2 kJ/mol) (Zahmakiran and Ozkar, 2009).
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Figure 4.18. The evolution of equivalent Hz per mole of (CHs).NHBHz3 versus time
for (a) the catalytic dehydrogenation of 100 mM (CH3).NHBH3 starting with
rhodium(1l) octanoate in different concentrations (1.0, 2.0, 3.0 mM Rh) in 10 mL
toluene at 25.0 + 0.5 °C, (b) the recyclability of the Rh(0) nanoparticles starting with
100 mM (CH3)2NHBH3z and 3.0 MM Rh(octanoate); at 25.0 + 0.5 °C, (c) the catalytic
dehydrogenation of DMAB at various temperatures in the range of 25-60 °C starting
with 100 mM (CHs).NHBH3 and 1.0 mM Rh(octanoate). in 10 mL toluene solution,
(d) the recyclability of Rh(0) nanoparticles starting with 100 mM (CH3).NHBH3 and
1.0 mM Rh(octanoate). in 10 mL toluene at 60.0 + 0.5 °C.

When DMAB solution is added to the solution of rhodium(ll) octanoate in toluene at
60.0 + 0.5 °C one observes a color change from green to red and ultimately to dark
brown. This color change indicates that reduction of the precursor rhodium(ll)
compound to rhodium(0) can be followed by UV-vis electronic absorption
spectroscopy (Figure 4.19). The starting solution of [Rh(CH3(CH2)6C0O2)2]. in toluene
exhibits a sharp absorption band at 286 nm, and two broad bands at 438 and 594 nm

in the spectrum which can readily be attributed to the ligand to metal charge transfer
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and d-d transition, (Stranger et al., 1996) respectively. UV-vis spectrum of the dark
brown solution taken from after the catalytic reaction of DMAB indicates an
absorption continuum for Rh(0) NPs because of the surface plasmon resonance.
(Creighton and Eadon, 1991).
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Figure 4.19. UV-vis spectra of solutions containing 1.0 mM ruthenium(Il) octanoate
in toluene before and after the injection of 100 mM (CH3s)2NHBH3 at 60.0 + 0.5 °C.

In summary, the reduction of rhodium(ll) octanoate during the dehydrogenation of
DMAB leads to the formation of rhodium(0) nanosized particles which have catalytic
activity and stability similar to that of the ones obtained by rhodium(ll) hexanoate
(Zahmakiran and Ozkar, 2009). The instability of rhodium(0) nanosized particles is
not unexpected as the only stabilizer present in the toluene solution is the octanoate
ion released from the reduction of precursor, which obviously doesn’t provide enough
stabilization for rhodium(0) nanoparticles (Ozkar and Finke, 2002). From the short
survey experiments performed starting with sole rhodium(ll) octanoate, one can
conclude that the rhodium(0) nanoparticles are not sufficiently stable in solution and
need to be stabilized against the agglomeration. Titania nanopowders were used as
support for the stabilization of rhodium(0) nanoparticles formed from the reduction of
rhodium(I1) octanoate during the dehydrogenation of DMAB.
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The addition of DMAB solution to the flask containing a suspension of
Rh(I1)/nanoTiO> precatalyst causes reduction of rhodium(ll) octanoate to rhodium(0)
and hence dehydrogenation of dimethylamine borane. Figure 4.20 exhibits the graphs
of mol Hz per mole of DMAB versus time for the catalytic dehydrogenation of 100
mM DMAB in the presence of 50 mg Rh(l11)/nanoTiO> with different rhodium loading
0f 0.1, 0.2, 0.3, 0.4, 0.5, 1.0, 2.0, 3.0% wt. Rh corresponding to [Rh] = 0.049, 0.097,
0.15, 0.20, 0.24, 0.49, 0.97, and 1.5 mM, respectively, at 60.0 + 0.5 °C. The complete
conversion of DMAB was seen for all experiments. The use of nanotitania support
appears to provide enough stabilization for the rhodium(0) NPs formed from the

reduction of rhodium(ll) octanoate (vide infra).
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Figure 4.20. Plots of mole Hx evolved per mole of DMAB versus time for
dehydrogenation of dimethylamine borane performed starting with 100 MM DMAB
and 50 mg Rh(Il)/nanoTiO2 with different rhodium loading of 0.1, 0.2, 0.3, 0.4, 0.5,
1.0, 2.0, 3.0% wt. Rh corresponding to [Rh] = 0.049, 0.097, 0.15, 0.20, 0.24, 0.49,

0.97, and 1.5 mM, respectively, at 60 + 0.5 °C.
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The !B-NMR spectra (Figure 4.21) taken at the beginning and the end of reaction
show the complete conversion of dimethylamine borane (quartet, -15.0 ppm) to the
cyclic dimeric product (Me2NBH2>)2 (triplet, 5.0 ppm). Taking all the results together,
one is able to establish Equation 1 for the catalytic dehydrogenation of DMAB.

T T T T T T T T T T T T T T T
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Figure 4.21. 1'B-NMR spectra taken from the reaction solution at the beginning (green
line) and at the end of (purple line) dehydrogenation of 100 mM DMAB catalyzed by
rhodium (0) NPs at 60 + 0.5 °C.

Nanotitania-supported rhodium(0) NPs, formed from the reduction of Rh(I1)/nanoTiO>
precursor during the dehydrogenation of DMAB at 60.0 = 0.5 °C, were isolated from
the reaction solution and characterized by using a several analytical techniques. XRD
patterns of nanoTiO2 and Rh(0)/nanoTiO2 (0.5% wt. Rh) in Figure 4.22 show the
characteristic diffraction peaks of nanotitania at 25.2°, 36.9°, 37.8°, 38.5°, 48.4°, 53.8°,
55.0°, 62.1° 62.6° 68.7°, 70.3° 75.0° 76.0° and 83.1° assigned to the (101), (103),
(004), (112), (200), (105), (211), (213), (204), (116), (220), (215), (301) and (312)
reflections of anatase TiOg, respectively (JCPDS Card 21-1272). This indicates that
nanotitania maintains its crystallinity after the preparation of Rh(I1)/nanoTiO> and the
reduction of rhodium(ll) to rhodium(0) during the dehydrogenation of DMAB. The
powder XRD pattern of Rh(0)/nanoTiO2 (0.5 wt % Rh) shows no additional diffraction
peaks which would be attributable to rhodium(0) nanoparticles, most likely due to the

low metal loading of nanotitania.
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Figure 4.22. X-ray diffraction (XRD) patterns of nanoTiO and Rh(0)/nanoTiO2 with
rhodium loading of 0.5% wt. Rh.

The crystallite size of titania nanopowders in two samples was calculated from (101)
peak at 25.2° using Debye Scherrer equation to be 19.5 and 20.9 nm for nanoTiO> and
Rh(0)/nanoTiO2 with a 0.5% wt. Rh, respectively. The slight increase in the crystallite

size might be attributed to the formation of rhodium(0) nanoparticles.

The SEM images and SEM-EDX spectrum of Rh(0)/nanoTiO2 with a 0.5% wt. Rh in
Figures 4.23 and 4.24, respectively, indicate (i) no defects in the structure of titania
caused by the preparation of titania supported rhodium(0) nanoparticles, in agreements
with XRD results, (ii) no bulk rhodium metal formation, and (iii) Rh element exist in

the sample in addition to framework elements Ti and O of titania (Jones, 1992).
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Figure 4.23. The micrographs of specimen surfaces obtained from the secondary electron
image mode at 3000-X magnification with the aid of SEM measurements are used to

investigate the morphological structure of Rh(0)/TiO2 with a 0.5 wt. Rh.
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Figure 4.24. SEM-EDX spectrum of the titania supported rhodium(0) nanoparticles

with a rhodium loading of 0.5% wt.

The oxidation state of rhodium and surface compostion of the resultant

Rh(0)/nanoTiO2 was illumunated using XPS. The survey scan XPS of Rh(0)/nanoTiO>

(0.5% wt. Rh) in Figure 4.25a indicates the existence of Rh with the framework

elements of titania (Ti and O) in agreement with the SEM-EDX results.
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In high resolution Rh 3d XPS spectrum of the same sample indicated in Figure 4.25b,
two prominent peaks appear at 311.79 and 304.79 eV being readily assigned to Rh(0)
3ds2 and Rh(0) 3dsy2, respectively (Mevellec et al., 2006; Baer, 1970).
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Figure 4.25. Survey scan XPS spectrum of Rh(0)/nanoTiO2 (0.5% wt. Rh) after the
dehydrogenation of dimethylamine borane. Inset shows high resolution XPS Rh 3d
spectrum with deconvolution.
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Two additional low intensity bands observed at 308.80 eV and 314.24 eV are attributed
to the Rh(I11) 3ds2 and Rh(111) 3ds2 which might be formed by partial oxidation of
Rh(0) NPs when kept in air for a few minutes during the XPS sampling (Peuckert,
1984; Barr, 1978).

The particle size and morphology of rhodium nanoparticles supported on nanotitania
were investigated by TEM and TEM- EDX analyses. Figure 4.26 displays the TEM
images of samples of titania supported rhodium(0) nanoparticles with various rhodium
loadings (0.1, 0.2, 0.3, 0.4, and 0.5 % wt. Rh) harvested at the last of catalytic
dehydrogenation reaction along with particle size distribution of rhodium(0)
nanoparticles for all of the samples. As the rhodium loading of Rh(0)/nanoTiO2
increases, the mean particle size of rhodium(0) nanoparticles increases as seen in
Table 2.
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Figure 4.26. TEM images of Rh(0)/nanoTiO> with different loading (a) 0.1, (b) 0.2,
(c) 0.3, (d) 0.4 and (e) 0.5% wt. Rh after catalytic dehydrogenation reaction performed
starting with 100 mM (CHz)2NHBH3 at 60.0 = 0.5 °C. The particle size histograms
are given at the right to the corresponding TEM image.
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Table 2. The rhodium contents, catalytic activity and mean particle size of Rh(0) NPs
supported on nanotitania in dehydrogenation of DMAB at 60.0 + 0.5 °C.

Rh loading [Rh] Particle size

(Wt. %) (mM) (nm) TOF (h)
0.1 0.049 2.05+£0.53 2900

0.2 0.097 2.74+£0.70 1626

0.3 0.15 2.88+0.64 1203

0.4 0.20 298 +0.57 1104

0.5 0.24 3.17+0.52 1081

1.0 0.49 - 789

2.0 0.97 - 639

3.0 15 - 422

4.2.2 Catalytic activity of Rh(0)/nanoTiO2 nanoparticles in the
dehydrogenation of DMAB

The control experiment was performed to test the catalytic activity of nanotitania in
dehydrogenation of DMAB under the same reaction conditions. The control
experiment performed starting with 1.00 mmol (CHs).NHBH3 and 50.0 mg TiO2 in
10 mL toluene at 60.0 + 0.5 °C shows no hydrogen evolution in 1 h indicating inactivity
of titania in the dehydrogenation of DMAB under the conditions where rhodium
catalysts will be tested. However, Rh(0)/nanoTiO2 samples were found to be highly
active catalyst in the dehydrogenation of DMAB. Figure 4.20 shows the plots of
equivalent H> evolved per mole of DMAB versus time during the catalytic
dehydrogenation reaction performed starting with 100 mM (CHs).NHBH3 and
Rh(11)/nanoTiO2 with various rhodium loading, thus in various rhodium concentration,
at 60.0 £ 0.5 °C. The linear portion of each plot was used to determine the hydrogen
generation rate and plotted versus the initial concentration of rhodium, both axis in
logarithmic scale in Figure 4.27a. The slope of straight line was found as 0.97
indicating that Rh(0)/nanoTiO; catalyzed dehydrogenation of DMAB is first order
with respect to the rhodium concentration.
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Turnover frequency (TOF) values were found by using the hydrogen formation rate in
the linear part of each plot in Figure 4.20 for the dehydrogenation of 100 mM DMAB
at 60.0 £ 0.5 °C and listed in Table 1 along with the mean diameter of rhodium(0)
nanoparticles determined from the TEM images in Figure 4.26. Rh(0)/nanoTiO2 with
0.1 wt. % Rh ([Rh] = 0.049 mM) provides the biggest activity with an initial TOF
value of 2900 h! in H2 generation from the dehydrogenation of DMAB at 60.0 + 0.5
°C (Table 1). This is a record turnover frequency value ever reported for the
dehydrogenation of DMAB. As the rhodium loading in the Rh(0)/nanoTiO> catalyst
increases the TOF value decreases down to 422 h! for the Rh(0)/nanoTiO, with 3.0
wt. % Rh (Figure 4.27b). The inverse concentration dependence of TOF (Figure 4.27b)
can be correlated to the increasing size of rhodium(0) nanoparticles (Figure 4.27c) as
precedented in literature for various catalytic reactions (Ozhava and Ozkar, 2016;
Shmidt et al., 2005; Steinhoff et al., 2002; Sanchez-Delgado et al., 1987; . Doll and
Finke, 2004).
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However, only our previous four reports have provided the experimental evidence
showing that the increasing particle size with the increasing catalyst concentration is
the reason of the decrease in catalytic activity (Ozhava and Ozkar, 2016; Akbayrak
and Ozkar, 2016; Akbayrak et al., 2016). In the work, we also demonstrate that the
catalytic activity of Rh(0)/nanoTiO- in H> generation from DMAB decreases as the
particle size of the nanoparticles increases with the increasing loading of Rh. (Figures
4.27b and 4.27c) (Steinhoff et al., 2002; Doll and Finke, 2004).

The catalytic dehydrogenation of DMAB was also performed starting with 100 mM
(CH3)2NHBHz and 50 mg Rh(0)/nanoTiO: catalyst with (0.24 mM Rh) at various
temperature in the range of 40-60 °C (Figure 4.28).
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Figure 4.28. Plots of mole Hz evolved per mole of DMAB versus time for the catalytic
dehydrogenation of DMAB at various temperatures in the range of 40-60 oC starting
with 100 mM DMAB and 50 mg Rh(Il)/nanoTiO2 (0.5 wt. % Rh, [Rh]= 0.24 mM) in
10 mL toluene solution.

The activation parameters for the dehydrogenation of DMAB in the presence of
Rh(0)/nanoTiO- catalyst were calculated by using the Arrhenius (Laidler, 1987) and
Eyring (Eyring, 1935) equations: The activation energy Ea = 37 £ 2 kJ/mol; the
enthalpy of activation AH* = 34 + 2 kJ/mol; the entropy of activation AS* = -144 + 7

J/mol K. It can be concluded that the reaction follows an associative mechanism in the
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transition state during the catalytic dehydrogenation of DMAB due to the small value
of the activation enthalpy and the large negative value of the activation entropy
(Connors, 1990).

The catalytic activity and the activation energy values for all the catalyst reported for
the dehydrogenation of DMAB were listed in Table 3 along with the other parameters.
One can see that Rh(0)/nanoTiO> catalyst with a rhodium loading of 0.1% wt Rh
provides the highest catalytic activity and quite low activation energy for the
dehydrogenation of DMAB.

Table 3. Catalytic activity (Turnover frequency TOF h) and activation energy of
various catalysts with other parameters in dehydrogenation of DMAB.

Entry Precatalyst /catalyst Solvent Temp. (°C) Time (h) Equivalent H2 ];OF(h Ea (kmol%) Ref

1 [Rh(1,5-cod)(n-Cl)]2 Toluene 25 8 1.0 12.4 ND Jaska et al., 2003

2 [Ir(1,5-cod)(u-Cl)]2 Toluene 25 136 0.95 0.7 ND Jaska et al., 2003

3 Rh(0)/[Nocts]ClI THF 25 6 0.9 8.2 ND Jaska and Manners, 2004
4 Rh(0) Nanoclusters Toluene 25 25 1.0 60 34+2 Zahmakiran and Ozkar 2009
5 Pd(0)/MOF Toluene 25 6 1.0 75 173.5x2 Gulcan et al., 2014

6 Pt(0)NPs/AA THF 25 0.6 1.0 15 64+2 Senetal., 2014

7 Pt(0)/TBA THF 25 1 1.0 31 46.7+ 2 Erken et al., 2016

8 Pt(0)/DPA@GO THF 25 1 1.0 35 42+2 Celik et al., 2016

9 OAm-stabilized Ru(O)NPs ~ Toluene 25 15 1.0 137 292 Duman and Ozkar 2013
10 Ru(0)APTS THF 25 2 1.0 55 61+2 Zahmakiran et al, 2012
11 Cu(0) NPs Toluene 60 1 1.0 40 762 This work

4.2.3 The recyclability and catalytic lifetime of titania supported
rhodium(0) nanoparticles in the dehydrogenation of DMAB

The recyclability test was performed on both rhodium nanoparticles catalysts,
unsupported and supported on nanotitania in the dehydrogenation of DMAB at 60.0 +
0.5°C. First, a standard dehydrogenation of DMAB was carried out starting with either
1.00 mM rhodium(l1l) octanoate or Rh(Il)/nanoTiO2 with 0.5% wt. Rh ([Rh] = 0.24
mM) plus 100 mM (CH3)NHBH3 in 10 mL toluene solution. After the complete
dehydrogenation, having released 1.0 equiv. H> per mole of DMAB, a new batch of
100 mM DMAB was transferred to the flask and a new run of dehydrogenation was

started. This hydrogen generation process was repeated 4 times in the same way for
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the both set of experiments at 60.0 + 0.5 °C. The results of recyclability tests for both
of the catalysts are given in Figure 4.29.
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Figure 4.29. Percentage of initial activity vs number of cycle for (a) Rh(0)/nanoTiO>
(0.5 wt. % Rh, [Rh] = 0.24 mM), (b) 1.00 mM Rh(ll) octanoate in the subsequent
dehydrogenation of 100 mM (CHs).NHBH3 at 60 + 0.5 °C.
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Although both rhodium(0) nanoparticles catalysts, unsupported and supported on
nanotitania have similar initial catalytic activity in the first run of dehydrogenation,
the catalytic activity of the unsupported rhodium(0) nanoparticles decreases in the
subsequent runs. More importantly, for Rh(octanoate), the conversion of DMAB
decreases as well, i.e. less than 1 equiv. Hz per mole of (CH3)>NHBHs3 is produced in
subsequent runs (Figure 4.29b), while Rh(0)/nanoTiO> provides 100% conversion
(Figure 4.29a) even in the fourth cycle. After the fourth run of dehydrogenation of
DMAB, Rh(0)/nanoTiO2 maintains 57% of the initial catalytic activity possessing still
a high TOF value of 576 min™. The decrease in catalytic activity of Rh(0)/nanoTiO:
in further runs is most likely due to the agglomeration of NPs on the surface of titania
nanopowders. Indeed, TEM image (Figure 4.30) of the Rh(0)/nanoTiO: catalyst
sample harvested after the last run of dehydrogenation shows slight agglomeration of
Rh(0) NPs. The mean particle size of thodium(0) nanoparticles increases from 3.17 +

0.52 nm for the first run to 3.46 + 0.49 for the last run.
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The catalytic lifetime of Rh(0)/nanoTiO2 was measured by determining the total
turnover number in hydrogen generation from the dehydrogenation of DMAB. Such a
lifetime experiment was performed starting with 10 mL solution containing 0.24 mM
rhodium(I1) octanoate impregnated on nanotitania and 100 mM (CHz).NHBH3 at 60.0
+ 0.5°C. When all the DMAB present in solution was completely dehydrogenated, a
new batch of DMAB was added and the reaction was continued in this way until no
hydrogen gas evolution was observed. Rh(0)/nanoTiO2 with 0.5% wt. Rh ([Rh] =0.24
mM) provide 9700 turnovers over 27 h in the dehydrogenation of DMAB at 60.0 £ 0.5
°C before deactivation (Figure 4.31).
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Figure 4.31. Plot of total turnover number (TTO) or turnover frequency versus time
for the dehydrogenation of DMAB in 10.0 mL toluene solution containing
Rh(11)/nanoTiO2 (0.5% wt. Rh, 0.24 mM Rh), with 100 mM DMAB (for each run) at
60.0 +£0.5 °C.
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4.2.4 Poisoning experiment (CSz) for Rh(0)/TiOz in the dehydrogenation
of DMAB.

The heterogeneity of Rh(0)/nanoTiO2 nanoparticles was performed by CS; poisioning
experiment. The access of the substrate to the active site is blocked by poison due to
the strong binding of poison to the metal center (Hornstein et al., 2002; Vargaftik et
al., 1989). A typical dehydrogenation of 100 mM (CH3).NHBHs3 in the presence of
0.24 mM Rh catalyst was started in 10 mL toluene at 60.0 + 0.5 °C. When 0.20
equivalent CS; was injected into the reaction medium after the liberation of 30%
hydrogen from dehydrogenation of DMAB, hydrogen evolution stopped immediately
due to the inhibition of activity of nanotitania stabilized rhodium(0) nanoparticles
(Figure 4.32). This provides a compelling evidence for the heterogeneity of the
dehydrogenation of DMAB catalyzed by Rh(0)/nanoTiO2 nanoparticles.
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Figure 4.32. Plots of mol H: evolved per mole of DMAB versus time for the
dehydrogenation of 100 mM (CHz).NHBH3 catalyzed by Rh(0) nanoparticles
supported on nanotitania (0.5% wt. Rh, [Rh] = 0.24 mM) with and without addition of
0.2 equiv. CSz at 60.0 + 0.5 °C.
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4.2.5 Leaching test for Rh(0)/nanoTiO2

The catalytic activity of the filtrated solution at the end of the catalytic reaction in the
dehydrogenation of (CHs).NHBHsz (100 mM) was tested to check whether any
rhodium is leaching from the solid Rh(0)/nanoTiO> to the solution. Figure 4.33 depicts
the plots of mol H. evolved per mole of DMAB versus time during the
dehydrogenation of 100 mM DMAB at 60.0 + 05 °C starting with (a) 0.24 mM Rh
(0.5% wt. Rh, Rh(I1)/nanoTiO>) (black squares), (b) solid sample obtained by filtration
after the first run in (a) (red circles), and (c) filtrate solution obtained by filtration after
the first run in (a) (blue triangles). The catalytic activity of the isolated solid
Rh(0)/nanoTiO2 sample decreases due to the materials loss during the isolation and
redispersing processes. The filtrate solution is catalytically silent in the
dehydrogenation of DMAB. The filtrate solution obtained by filtration from the
reaction medium after the first run of dehydrogenation was also analyzed by ICP
technique. Rhodium concentration of the filtrated solution was determined as 0.6 ppm
in solution, which was negligible compared to the initial Rh concentration in the
reaction solution in the mM level. The results of the ICP analysis and leaching test
confirms the retaining of Rh(0) on the surface of nanoTiO2 during the catalytic
reaction. Hence, we can conclude that nanotitania supported rodium(0) nanoparticles

are adept competent catalyst in the dehydrogenation of DMAB.
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Figure 4.33. The evolution of equivalent H> per mole of DMAB verus time plot for
the dehydrogenation of 100 mM (CHs).NHBHs; at 60.0 £ 0.5 °C starting with
Rh(I1)/nanoTiO2 (black squares, [1), Rh(0)/nanoTiO> solid sample obtained by

filtration after the first run (red circles, o), filtrate solution obtained by filtration after
the reaction (blue triangles, A).
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5. CONCLUSIONS

In summary, the preparation and characterization of ceria supoorted copper(0)
nanoparticles and titania supported rhodium(0) nanoparticles as catalysts for
dehydrogenation of DMAB has led to the following conclusions;

Part I. Preparation and Characterization of Ceria supported Copper(0)
Nanoparticles

a) Cu(0) NPs are formed from the reduction of copper(ll) 2-ethylhexanoate
throughout the dehydrogenation of DMAB at 60 + 0.5 °C and initially active
catalysts in hydrogen generation. However, they are not stable and undergo
aggregation to the bulk metal.

b) Stable copper(0) nanoparticles can be obtained when the reduction of copper(ll) to
copper(0) is performed on the surface of ceria nanopowders. The resulting
nanoparticles are active catalyst providing a release of 1.0 equivalent of H> per mole
of DMAB.

c) The results of characterization reveal the formation of highly dispersed copper(0)
nanoparticles with an average particle size of 3.1 + 0.8 nm on the ceria surface.

d) Ceria supported copper(0) nanoparticles with a loading of 4.0% wt. Cu provide the
highest activity with turnover frequency of 40 h'! in hydrogen generation from
DMAB at 60.0 + 0.5 °C.

e) Ceria supported copper(0) nanoparticles can provide only 225 turnovers in
generation of Hz from the dehydrogenation of DMAB at 60.0 + 0.5 °C before they
are deactivated. Thus, the catalytic lifetime of Cu(0/CeO2 nanoparticles (225 TTO)
is significantly lower than the ones reported for the precious metal catalysts.
Nevertheless, Cu(0/CeO2 nanoparticles can be considered as cost-effective catalyst
compared to the precious metals such as Ru and Rh based catalyst system in the
dehydrogenation of DMAB.

f) Ceria supported copper(0) nanoparticles are shown to be heterogeneous and
kinetically adept catalysts in dehydrogenation of DMAB.

g) Low cost, easy preparation, relatively high stability, and high catalytic activity of
nanoceria supported Cu(0) NPs make them promising candidate to be exploited as

catalyst in hydrogen generation from DMAB.
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Part Il. Preparation and Characterization of Titania supported Rhodium(0)

Nanopatrticles

b)

d)

f)

9)

Rh(0) nanosized particles can be formed from the reduction of rhodium(ll)
octanoate in toluene solution during the catalytic dehydrogenation of DMAB.
These Rh(0) nanoparticles have initially high catalytic activity in the
dehydrogenation of DMAB, however they are not very stable losing their catalytic
activity in time. When the same nanoparticle formation and concomitant
dehydrogenation of DMAB performed in the presence of titania nanopowders one
obtains nanotitania supported rhodium(0) nanoparticles, which are not only highly
active catalyst in dehydrogenation of DMAB, but also stable, so that they can be
isolated as solid materials from the reaction medium, stored under inert
atmosphere, and redispersed in toluene for the further reuse as catalyst.

Supported on the surface of titania nanopowders, one obtains highly dispersed
rhodium(0) NPs with average particle size depending on the rhodium loading of
Rh(0)/nanoTiO2, in the range 2.0-3.2 nm. Inversely with the size, the catalytic
activity of Rh(0)/nanoTiO> decreases with the increasing loading of nanotitania.
The highest initial turnover frequency of 2900 h' is obtained by using
Rh(0)/nanoTiO2 with rhodium loading of 0.1% wt. Rh in the dehydrogenation of
DMAB at 60.0 + 0.5 °C. This is a record TOF value ever reported for the same
reaction up to now.

The recyclability tests show that Rh(0)/nanoTiO; retains 57% of its initial catalytic
activity even after the fourth run of dehydrogenation reaction releasing 1.0
equivalent Hz per mole of DMAB.

Also, Rh(0)/nanoTiO2 is long-lived catalyst providing 9700 turnovers for
hydrogen generation from the dehydrogenation of DMAB at 60.0 + 0.5 °C.

The results of carbon disulfide poisoning and leaching tests reveal that nanotitania
supported rhodium(0) NPs are adept competent catalyst and the dehydrogenation
of DMARB is heterogeneous catalysis.

Easy preparation, high activity, recyclability, and long lifetime of the nanotitania
supported rhodium(0) NPs make them promising candidate for developing highly
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efficient catalysts in  dehydrogenation/dehydrocoupling  reactions  of
dimethylamine borane.
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