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ABSTRACT

RUTHENIUM(0) NANOPARTICLES SUPPORTED ON BARE OR SILICA
COATED FERRITE AS HIGHLY ACTIVE, MAGNETICALLY ISOLABLE
AND REUSABLE CATALYST FOR HYDROGEN GENERATION FROM
THE HYDROLYSIS OF AMMONIA BORANE

Sarica, Esra
Master of Science, Chemistry
Supervisor: Prof. Dr. Saim Ozkar

July 2019, 33 pages

Ruthenium(0) nanoparticles supported on bare or silica-coated magnetite are prepared
by impregnation of ruthenium(III) ions on the surface of support followed by their
reduction with aqueous solution of sodium borohydride. The materials are
magnetically isolated from the reaction solution and characterized by a combination
of advanced analytical techniques including ICP-OES, BET, XRD, SEM-EDS, TEM,
XPS. These magnetically isolable nanoparticles are used as catalyst in hydrogen
generation from the hydrolysis of ammonia borane at room temperature.
Ruthenium(0) nanoparticles, supported on bare magnetite and silica-coated magnetite,
are highly active catalyst providing turnover frequency values of 29 and 127 min™?,
respectively, in hydrogen generation from the hydrolysis of ammonia borane at 25 °C.
Thus, coating of the surface of magnetite with silica results in a significant
enhancement in catalytic activity of ruthenium(0) nanoparticles in hydrogen
generation from the hydrolysis of ammonia borane. Ruthenium(0) nanoparticles,
supported on the silica coated magnetite, are also highly reusable as they preserve their
initial catalytic activity even after the fifth reuse in hydrogen generation from the

hydrolysis reaction.
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0z

AMONYAK BORAN HIiDROLIZiINDEN HiDROJEN URETIMI iCIN
ETKINLiGi YUKSEK, MANYETIK OLARAK AYRILABILIR VE
YENIDEN KULLANILABILIR KATALIZOR OLARAK CIPLAK VEYA
SILIKA KAPLI DEMIR OKSIT YUZEYINE TUTUNMUS RUTENYUM(0)
NANOKUMELER

Sarica, Esra
Yiiksek Lisans, Kimya
Tez Danismant: Prof. Dr. Saim Ozkar

Temmuz 2019, 33 sayfa

Ciplak veya silika kapli manyetit yiizeyine tutunmus rutenyum(0) nanokiimeleri,
rutenyum(III) iyonlarmin, destek yiizeyine emdirilmesi ve ardindan sulu sodyum
borohidriir ¢ozeltisi ile indirgenmesiyle hazirlandi. Olusan malzemeler, tepkime
¢oOzeltisinden manyetik olarak ayrildi ve ICP-OES, BET, XRD, SEM-EDS, TEM,
XPS dahil olmak iizere ileri analitik tekniklerin bir kombinasyonu ile karakterize
edildi. Bu manyetik olarak izole edilebilir nanoparcaciklar, oda sicakliginda amonyak
boran hidrolizinden hidrojen olusumunda katalizor olarak kullanildi. Ciplak ve silika
kapli manyetit yilizeyine tutulu rutenyum(0) nanopargaciklari, sirastyla 25.0 = 0.1
°C’de amonyak boranmn hidrolitik dehidrojenasyonunda 29 ve 127 dak™ cevrim
frekans1 degerleri saglayan oldukca aktif katalizorlerdir. Bu nedenle, manyetit
yiizeyinin silika ile kaplanmasi, amonyum boran hidrolizinden hidrojen olusumunda
rutenyum(0) nanoparcaciklarinin katalitik aktivitesinde onemli bir artisa neden olur.
Silika kapli manyetit tizerine tutturulan rutenyum(0) nanoparcgaciklari ayrica, hidroliz
reaksiyonundan hidrojen olusumunda besinci kez yeniden kullanimdan sonra bile ilk

katalitik aktivitelerini koruduklari i¢in yiiksek oranda yeniden kullanilabilmektedir.
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CHAPTER 1

INTRODUCTION

1.1. Matter of Hydrogen

Energy demand increases day by day with economic growth and rising population [1].
Energy is a significant source in order to satisfy needs, develop standards of living and
enhance human health and welfare. Hence, it has wide area of utilization. Electric
power, transportation, residential, industrial and commercial sectors are the primary
ones. Although there are alternative renewable energy sources (bioenergy,
hydropower, wind, solar, geothermal and wood), petroleum, natural gas and coal as
energy sources have a large share according to the U.S Energy Information
Administration (EIA) report (Figure 1) [2].
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Figure 1.1. Place of Renewable Energy in Total Energy Sources [2]

The burning of fossil fuels, used to produce electricity continuously, causes rise of gas
emission like methane, carbon dioxide and nitrous oxides in the atmosphere which
results in environmental problems like global warming [3,4]. For fighting against the
environmental hazards, using renewable energy sources is a significant remedy. As a



result, production of renewable energy has been growing rapidly during the recent
years. In 2017, 11 % of the primary energy supply composed of renewable energy was
reported by EIA as seen from the (Figure 1.1.). However, renewable energy sources
throw up some new problems. One of them is the mismatch between energy
consumption and generation. For instance, solar energy can provide the required
electricity only at daytime, but the generating electricity from solar source is not
possible during night. Hence, energy storage is a vital part for the active use of
renewable energy sources. Also, the storage volume is important as well as storage for
mobile applications. Fuel cell and hydrogen technologies play an important role at the
energy system reducing greenhouse gas emissions, improving air quality and solving
the problems that sustainable energy brings. For transition from fossil fuels to the
renewable energy sources, hydrogen is seen to be the most promising energy carrier
en route a sustainable energy future. Hence, term of ‘hydrogen economy’ has been
found out, which is a proposed system delivering energy with hydrogen [5]. This was
supported in the 2015 Paris Agreement by a considerable step to cope with climate
change. The Hydrogen Council bring together thirteen world giant companies from
the different sectors such as automotive, industrial and energy to propose a viable
solution empowering the active usage of hydrogen, key solution for the energy
transition, in Davos 2017 [6].

The reason of focusing on hydrogen is that it meets the demand for a clean and
sustainable energy supply [7]. Hydrogen is regarded as a major energy carrier to be a
remedy for environmental pollution and energy crisis because it is environmentally
friendly and it has larger energy capacity unlike fossil fuels, which are responsible for
the rise in concentration of the carbon dioxide in the atmosphere. However, hydrogen
isn’t used as the major fuel in today’s conditions as a result of some obstacles. Storage,
distribution and production problems can be examples of these obstacles. The reason
of production problem can be explained as that hydrogen only occurs in the form of
hydrocarbons and water on earth [8]. There are some ways for production of hydrogen.

It can be provided with thermochemical, photo electrochemical and electrochemical



technologies by solar energy. Although these are special technologies for the energy
requirement, these can be used only for immediate energy needs and special

applications due to its high cost [9].

1.2. Hydrogen Storage

For the future hydrogen economy, the storage problem, the biggest obstacle to the
common use of hydrogen, should be solved. Despite the difficulty of the hydrogen
storage problem, some remarkable solutions can be a remedy. Three main methods
have been explored in order to store hydrogen. The first one is high pressure tanks.
Usage of high pressure tanks is simpler method. However, hydrogen has a low energy
density by volume so that storage at higher ranges is possible with higher pressure.
The required higher pressure poses disadvantage because of safety problem and also

it is not practical for usage of mobile applications [10, 11].

Secondly, hydrogen can be stored in liquid form. Comparing with gas form, liquid has
lower pressure with higher energy density. But, it also has drawback because of that
liquefying hydrogen is an expensive process [11].

The last one is to use hydrogen-rich materials which have high gravimetric and
volumetric hydrogen storage capacity [11]. Boron and nitrogen based compounds are
considered as potential hydrogen storage materials because of their high contents of
hydrogen and safety concerns. Ammonia borane, NH3BHz3 is a stunning example for
applications of chemical hydrogen storage due to its high stability in common solvents
such as water and methanol, high gravimetric hydrogen content of 19.6% wt., low
molecular weight (30.7 g mol) and safe and controllable release of H2[12, 13]. These
properties make ammonia borane one of the most promising hydrogen storage
materials (Figure 1.2.) [14].
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Figure 1.2. Comparison of gravimetric and volumetric H, densities of various hydrogen storage [14].

Hydrogen capacity of ammonia borane is higher than LiBHs4 (18wt%), N2Ha
(12,6wt%) and Mg(BHa4)2 (13,7wt%) [15,16]. Synthesis and characterization of
ammonia borane were first reported by Sheldon Shore in the 1950s [17]. In NH3BHs3,
both B and N, light elements, are capable of bonding with H atoms. Bonds of N-H and
B-H tend to be protonic and hydridic in turn, respectively, which lead to easy release
of hydrogen gas [14].

1.3. Hydrogen Release from Ammonia Borane

Ammonia borane, rich in hydrogen, has the structure of colorless tetragonal molecular
crystal under ambient conditions and it also has high solubility in water and other polar
solvents [14]. Density of ammonia borane is 0.74 g/cm?® and its melting point is in the

range of 110-125 °C depending on its purity. In the mid-1950s, AB was synthesized



firstly during developing boron hydride based fuels with high-energy for rockets and
jets [18]. Most importantly, AB is stable, nontoxic, environmentally sound, and
utilizable safely under environmental conditions. Hydrogen can be released from AB
by thermolysis in solid state and in protic solvents, both of which need to be catalyzed
[19]. Hydrogen release from thermal dehydrogenation of AB has been reported as a
remarkable work [17]. For the release of higher amount of hydrogen in thermolysis,
high temperature is required. But, high temperature causes formation of side products
such as borazine. Thermal decomposition of AB only occurs at high temperatures
under favour of its high stability. When the temperature is reduced, the sum of
unwanted byproducts is also reduced but at the same time hydrogen production
decreases. That is, temperature is a problem due to difficulty of reaction control. In
contrast, catalytic solvolysis provides more favorable way for hydrogen producing
from AB. Especially; catalytic hydrolysis is the most significant one for the hydrogen
storage. The hydrogen generation from ammonia borane can be provided by catalytic
hydrolysis in the presence of suitable catalysts [20]. At room temperature, hydrolysis
of AB occur at appreciable rates only in the presence of suitable catalysts releasing 3

mole of H, per mole of ammonia borane [19,21] (Eg. 1).

NHsBHs(aqg) +2H20(1) — NHa*(aq) + BO2 (aq) + 3H2(9) 1)

Obtaining 3 equivalent of hydrogen is more promotive process. However, developing
effective and economical catalysts in order to improve the kinetic properties under the
mild-conditions of reaction is one of the major defects of catalytic hydrolysis [20].
The transition metal nanoparticles are used commonly in catalysis because of their
large fraction of surface atoms which lead to over catalytic activity when compared to
the bulk metal. Transition metal nanoparticles provide high selectivity and activity in
chemical reactions. On the date of 2006, Xu’s group found the activity of noble metal
nanocatalysts such as Rh [22,23], Ru [24], Pd [25] and Au for hydrolytic
dehydrogenation of AB. Among the transition metal nanoparticles, ruthenium is the

most widely investigated catalyst for both heterogeneous and homogeneous



dehydrogenation processes because of excellent catalytic features such as very-high
activity [24] and reusability [26].

The problem encountered in the use of transition metal nanoparticles as catalyst is
their tendency to agglomerate to larger particles and ultimately to the bulk metal,
which is thermodynamic sink of metal. That high surface energy of metal
nanoparticles agglomerates them in the form of large particles in default of stabilizing
agents. Hence, ruthenium nanoparticles supported on the surface of porous materials
such as zeolites [27] and metal organic frameworks (MOFs) [28], carbonecous
materials such as active carbon [29], carbon nanotube [30], graphene [31]) or oxide
supports such as titania TiO2 [24], alumina Al2O3 [32], silica SiOz [33], ceria CeO>
[34]) are highly active catalyst in hydrogenation from the hydrolysis of AB.
Nevertheless, further enhancement in reusability of ruthenium catalyst is still a
challenge. In this respect, magnetically recoverable catalysts have been of top priority
since magnetic property provides easier separation from the reaction solution
compared to the filtration and centrifugation techniques [35]. Catalyst can be
separated and recycled easily by combining magnetic nanoparticles with catalytically
active part [36]. Cobalt, iron and nickel are recyclable and active catalysts.
Unfortunately, a few metals have magnetic properties and their oxides are catalytically
active for limited reactions. Among oxides, iron oxide nanoparticles (Fe2Os and
Fe304) have been performed in various reactions like hydrogenation, oxidative and
coupling reactions [37,38], on top of generating hydrogen by the AB hydrolysis. For
this reason, in this study, magnetite (FesOs) was used as magnetic support for

ruthenium(0) nanoparticles.

Another issue in using magnetic powders as supports is uncontrolled involvement of
the metal component such as iron in the catalytic reaction. To prevent unruly
involvement of iron, the surface of magnetite (Fe3O4) can be modified by coating with
inert materials such as silica [33] or polymer [39,40]. Thanks to these materials,
magnetic powders and metal nanoparticles have controllable size and size distribution.

Hence, the surface of magnetite has been coated with the silica (SiO.), preventing the



uncontrollable aggregation and providing the stability for the ruthenium(0)
nanoparticles. In addition to providing stabilization of metal nanoparticles against
agglomeration, silica coating can also hinder the involvement of iron in the catalytic
reaction. In this dissertation, magnetite nanopowders were used as magnetic support
for the ruthenium(0) nanoparticles. In order to prevent the involvement of iron in the
catalytic reaction, magnetite nanopowders were coated by a silica layer. Thus,
magnetically separable FesOs and SiO»-FesO4 were used as support for Ru NP
catalysts in the hydrogen generation from the hydrolysis of ammonia borane under
mild conditions. The magnetically isolable ruthenium(0) nanoparticles supported on
magnetite (Ru®/Fes04) and ruthenium(0) nanoparticles supported on the silica coated
magnetite  (Ru%SiO,-Fes04) catalysts were prepared by impregnation of
ruthenium(I11) ions on the surface of support from the aqueous solution followed by
reduction with sodium borohydride. The magnetically isolable Ru%FesOs and
RuY%SiO,-Fes04 catalysts could easily be isolated from the reaction solution by using
a permanent magnet and characterized by ICP-OES, XRD, TEM, SEM-EDS and XPS
techniques. The magnetically isolable Ru%/Fe304 and Ru®/SiO,-Fes04 catalysts were
found to be highly active catalyst in hydrogen generation from the hydrolysis of
ammonia borane at ambient temperature, releasing 3 mol H> per mole of ammonia
borane. More importantly, the magnetically isolable Ru%/Fes04 and Ru%/SiO,-Fe304
nanoparticles are highly reusable catalyst for hydrolytic dehydrogenation of ammonia

borane.






CHAPTER 2

EXPERIMENTAL

2.1. Materials

Ruthenium(l11) chloride trihydrate (RuCls.3H20), magnetite nanopowder (Fe3Os,
97%), tetraethylorthosilicate (TEOS, 98%), ammonia borane (HsNBHs, 97%) and
ammonium hydroxide (NH4OH) were purchased from Aldrich. In addition, Sodium
borohydride (NaBH4, 98%) was purchased from Merck.

2.2 Preparation of silica coated magnetite (SiO2-Fe30a4)

Silica coating was carried out following a modified Stober process [41]. Concisely,
Fes04 (800 mg) was put into a solution including 80 mL distilled water, 320 mL
ethanol and 9.6 mL NH4OH (%25) in a 500 mL round bottom flask at room
temperature. This solution was ultrasonicated for 20 minutes and then, 4 mL TEQOS in
10 mL ethanol was added drop wise to the magnetite suspension in the round bottom
flask. This mixture was stirred mechanically in a rotary evaporator for 6 hours without
evaporation at room temperature. After 6 h, silica coated magnetite (SiO2-Fe3z04) were
collected by a magnet and washed with 100 mL distilled water for five times and then

dried overnight in the oven at 120 °C.
2.3 Preparation of Ru%Fes04 and Ru®/SiO2-Fez04

The dried SiO2-Fe304 (400 mg) was added to a solution of RuCl3.3H20 (46.2 mg) in
50 mL H20 in a beaker (Note that the amount of ruthenium salt was arranged
according to the desired Ru loading). The mixture was sonicated for 15 min, and then
stirred for 24 h at room temperature. Afterwards, aqueous solution of sodium
borohydride (at the mol ratio of NaBH4/Ru = 5) was added drop wise into the

suspension. After 1 h stirring, the sample was isolated using a permanent magnet and



washed with distilled water and the residue was dried for 12 h at 60 °C under vacuum.
For comparing, Ru%/Fe;04 was also prepared by following the same procedure as
identified above, using Fe3Os in the place of SiO.-FesOs. The samples were
characterized by ICP-OES, TEM, SEM-EDX and XPS techniques as described in our

recent report [42].

2.4 Hydrogen generation from the hydrolytic dehydrogenation of AB using
Ru®%Fes04 and Ru%/SiO2-Fes0a4 catalysts

The catalytic activity of Ru®/FesO4 and Ru®/SiO2-FesO4 (4.0% wt Ru) catalyst were
investigated by monitoring the Hz evolution from the hydrolysis of AB using our
established experimental set up [41]. In order to be able to determine the rate of
hydrogen generation from the hydrolytic dehydrogenation of AB using Ru%/Fe3;04 and
Ru?%SiO,-Fes04 catalysts, a jacketed reaction flask containing a Teflon-coated stir bar
was placed on a magnetic stirrer (WiseStir MSH-20A) and thermostated to 25.0 = 0.1
°C by circulating water through its jacket from constant temperature bath. To observe
the hydrogen gas evolution, a graduated glass tube filled with water was connected to
the jacketed flask. Then, ruthenium(0) nanoparticles supported on the surface of bare
magnetite or silica-coated magnetite nanopowders in 10 mL water were transferred
into the jacketed reaction flask and stirred until it reached the thermal equilibrium.
After that, 1.0 mmol (31.8 mg) of ammonia borane (NH3BH3) was added to the
solution. The jacketed reaction flask was sealed by a septum to prevent the loss of
gaseous components and stirred meanwhile the reaction was followed until there was
no release of H> gas. Note that FesO4 and SiO2-Fez04 supports have been shown to be

catalytically inert in this reaction.
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Figure 2.1. The experimental setup which used in performing the catalytic hydrolysis of ammonia
borane and measuring the hydrogen generation rate. (1) water bath circulator, (2) magnetic stirrer, (3)
jacketed schlenk tube, (4) water- in, (5) water- out, (6) plastic hose, (7) water filled burette.

2.5 Determination of the optimum Ru loading of Ru%/SiO2-FesOs4 for the highest
catalytic activity in the hydrolytic dehydrogenation of AB

Ru%SiO,-Fes04 samples with different Ru contents (1-4% wt) were analyzed in
hydrolysis of AB (100 mM) in 10 mL of H20 at 25.0 + 0.1 °C by holding the Ru
concentration constant. For catalytic hydrolysis of AB using Ru%SiO2-FesOs
catalysts, the sample with 4.0% wt. Ru loading provides the highest activity in
hydrolysis of AB. Therefore, Ru%SiO>-Fes04 (4.0% wt. Ru) and Ru®/FesO4 (4.0% wt.

Ru) catalysts were used for all the characterizations and tests.

11



2.6 Determination of activation energy for hydrolytic dehydrogenation of AB
catalyzed by Ru®/Fe3Osand Ru%/SiO2-Fe30a4

The hydrolytic dehydrogenation of AB was performed starting with 10 mL of 200 mM
(31.8 mg) AB solution and 10 mg of Ru%/SiO,-Fe304 (4.0% wt. Ru) or Ru®/Fesz04
(4.0% wt. Ru) catalysts at various temperatures (25, 30, 35, 40 °C) in order to

determine the activation energy (E.).

2.7 Reusability of Ru%FesOs and Ru%SiO2-Fes0a in hydrolytic dehydrogenation
of AB

The reusability of catalysts was analyzed in the hydrolysis of 10 mL solution including
100 mM AB and 30 mg of Ru%SiOz-Fes04 (4.0% wt. Ru) or Ru®/FesO4 (4.0% wt. Ru)
at 25.0 = 0.1 °C. When the first run is completed, while keeping the catalyst separated
by a magnet in the bottom of flask, the reaction solution was replaced by a new batch
of 10 mL solution of 100 mM AB. After releasing catalytic materials into the solution
by removing the magnet, the next run of hydrolysis was started at 25.0 + 0.1 °C. This
experiment was repeated at least five times in this manner and results were expressed
as the percentage of initial catalytic activity in the successive hydrolysis of ammonia

borane.
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CHAPTER 3

RESULTS AND DISCUSSION

3.1. Preparation and Characterization of Ru%SiO2-Fe304 and Ru®/Fe3O4

Ru%/SiO2-Fes04 and Ru%Fes04, magnetically separable catalysts, were prepared by
impregnation of Ru®* ions on the surface of SiO2-FesO4 or FesO4 pursued by their
reduction with aqueous solution of sodium borohydride. The isolated catalysts were
characterized by a combination of analytical techniques including XRD, ICP, TEM,
SEM-EDX and XPS. Fig. 3.1 shows the XRD patterns of FesOs, Ru%/Fe304, SiO2-
FesO4 and Ru%SiO,-Fe304, which indicate that there is no variation in the diffraction
patterns of FesO4 after coating the surface with silica or supporting ruthenium on the
surface. Although ruthenium loading and silica coating could not be observed from
the XRD analysis, one can observe that there is no change in the position of diffraction
peaks of Fe30Os after the formation of Ru NPs on the surface of magnetite

nanopowders.
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2 theta (deg.)

Figure 3.1. Powder XRD patterns of (a) FesOs, (b) Ru%FesO4 (4.0% wt. Ru), (c) SiO,/Fes04, d)
RuU%/SiO,- Fes04 (4.0% wt. Ru).

Inspection of the TEM images given in Fig. 3.2 reveals the followings: (i) Ru NPs are
successfully anchored on the surface of FesOs4 nanopowder (Fig. 3.2. b-c) and
nanoparticles are well dispersed with an average particle size of 3.75 = 0.81 nm (Fig.
3.2. d). (ii) Magnetite particles are covered by a silica layer of about 20 nm thickness
(Fig. 3.2. e-g). (iii) Silica coating does encapsulate the magnetite particles, though a
few of them under the same protective cover. The magnetite particles are not well
separated during the coating process, rather agglomerating to clumps of very small
number of particles, because of either relatively high concentration of FesO4 particles
(800 mg per 400 mL solution) or intrinsic tendency of FesOs particles for
agglomeration in aqueous solution where weak hydrogen bonding can hold some of
the particles close to each other, forming very small assemble. (iv) Ruthenium(0) NPs
are well dispersed on the surface of silica layer (Fig. 3.2. e-g) and have an average
particle size of 3.43 = 0.69 nm (Fig. 3.2. h). That magnetite particles are successfully
coated with a thick silica layer, which is expected to hinder the involvement of iron in

the catalytic hydrolysis of AB is the most important observation. In this study, the
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greatest success is that hiding the magnetic particles under the silica layer is on the
way towards the synthesis of magnetically isolable metal nanoparticles used as

reusable catalyst in hydrogen release from AB.

Frequency (%)

20 24 28 32 36 40 44 48 52
Particle Size (nm)

Frequency (%)

20 24 28 32 36 40 44 48 52
Particle Size (nm)

Figure 3.2. TEM images of a) Fe30a, (b-c) Ru0/ Fes04 (4.0% wt Ru) and (d) the corresponding
histogram. (e-g) TEM images of Ru%SiO,-Fe3;04 (4.0% wt Ru) and (h) the corresponding histogram
showing the particle size distribution.
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Figure 3.3. (a) SEM image of Ru®%/ Fe;0O4 (4.0% wt Ru) and (d) EDX spectrum taken from a. (c) SEM
image of Ru% SiO,- Fe304 (4.0% wt Ru) and (d) EDX spectrum taken from c.

The existence of Ru NPs on the surface of FesO4 and SiO»-Fe304 were confirmed by
SEM-EDX analysis. Indeed, SEM-EDX shows that Ru is the only element detected in
addition to the framework elements of magnetite (Fe, O) (Fig 3.3. b), and silica coated
magnetite (Si, Fe, O) (Fig. 3.3. d).

The composition of Ru®%/SiO,-Fe304 and Ru®/ FesO4 catalysts and the oxidation state
of ruthenium metal were investigated by analysis of XPS. Fig. 3.4. a and Fig. 3.4. ¢
represent the survey-scan XPS spectra of Ru%FesOs and Ru%SiO,-FesO4 samples,
respectively, emphasizing the presence of Ru element in both of the Fez0O4 and SiO»-
FesO4 samples. The XPS peaks at 279.4 eV for Ru®/Fes04 (Fig. 3.4. b) and Ru%/SiO--
FesOa (Fig. 3.4. d) are assigned to the Ru® 3ds/, bands [43]. The higher energy peaks
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(282.5 eV, 2845 eV, 287.1, 288.1 eV) are attributed to the C1s or Ru 3ds2 since the

overlaps with the C 1s and Ru 3ds2 bands in that region.
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Figure 3.4. X-ray photoelectron spectrum of (a) Ru%Fe304 (4.0% wt Ru) and (b) Ru®/SiO,-Fe304 (4.0%
wt Ru). The high resolution scan and deconvolution of Ru 3d bands of (b) Ru®%/Fe304 and (d) Ru%/SiO,-
Fe30,.

Previous to begin studying the hydrogen release from the hydrolysis of AB catalyzed
by Ru(0) NPs on the surface of silica coated magnetite nanopowders Ru%FezO4 and
Ru%SiO2-Fes04, we performed control experiments to show SiO2-FesOs being

catalytically silent in this reaction.

3.2. Catalytic Activity of Ru%FesOs and Ru%SiO2-FesOs Nanoparticles in

Hydrogen Generation from the Hydrolysis of Ammonia Borane

Expectedly, Ru(0) nanoparticles supported on the surface of bare magnetite or silica
coated magnetite are found to be active catalyst in hydrolysis of AB. Fig. 3.5. shows
the H, evolution versus time plots for the hydrolysis of AB (100 mM) using Ru®/FesO4
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and Ru%/SiO-Fe304 catalysts both with 4.0%wt. Ru loading at 25.0 + 0.1 °C. In either
case, Ho release starts immediately after a short induction period less than 3 minutes
and continues almost linearly until the completion of 3 equivalent H evolution per
mole of AB. As seen from Figure 3.5 a, the hydrogen generation rate for the Ru%/SiO.-
FesO4 catalyst is higher than that for the Ru%FesOas catalysts. This is the only
distinguishable difference between two catalysts. This difference in activity can
readily be attributed to the silica coating, which hides the magnetite core under thick
cover. Thus, the negative effect of magnetite on the activity of Ru(0) NPs supported

on the surface is hindered by the silica layer.
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Figure 3.5. (a) Plot of mol Ha/mol NH3BHj3 versus time for the hydrolytic dehydrogenation of AB (100
mM) starting with Ru%SiO,-Fe;04 or Ru%SiO,-Fes04 catalysts both with 4.0%wt. Ru loading at 25.0
+ 0.1 °C, (b) Plot of mol Ha/mol NH3BHj3 versus time for the hydrolytic dehydrogenation of AB (100
mM) starting with Ru%SiO,-Fe304 (0.79 mM Ru) with different Ru loading at 25.0 + 0.1°C.

18



To determine the optimum ruthenium loading of Ru%SiO2-FesO4 catalysts for the

highest catalytic activity in hydrolytic dehydrogenation of AB, additional control

experiments were performed. Fig. 3.5. b shows the plots of equivalent H> versus time
for the hydrolytic dehydrogenation of AB (100 mM) starting with Ru®/SiO2-FesO4
catalyst (0.79 mM Ru) with different ruthenium contents in the range 1.0-4.0% wt. Ru

at 25.0 = 0.1 °C. The turnover frequency values (TOF) calculated from the

hydrogenation in the linear part of plots are 42, 57, 101, and 127 min? for the
Ru%SiO,-Fes04 catalysts with 1.0, 2.0, 3.0 and 4.0% wt. Ru loading, respectively.
Since the Ru®%/SiO2-Fes04 (4.0% wt.) sample shows the highest catalytic activity, the

catalyst with 4.0% wt. Ru was used for all the further experiments in this work.

—
)

3.04

mol H/mol NH,BH,

0.5

0.0

—
(3]
S

3.04

mol Hz.‘mol NH:A'BHs

0.5

0.0

254

2.0

1.5

1.0

:‘:“Mf.. ...--.IIIII

va u"
A n
M n. .-
v
A 2 Ll
Y‘ ° ]
A\ .
° u [Ru] mM
va n
L] = 020
Vi o -
va * ™ ® 040
vae T A 079
vhe n v 1.18

2.5

2,04

1.5+

1.0

0 10 20 30 40 50 60

Time (min)
s @ p o @ B @
VA -
-y [o) EIE
-7 GO l;|EI
)
A - a
o ®
o B
[Ru] mM
woe @ 0.20
a0 = @ 0.40
vo ° A 079
Ap B v 1.18
&
0 10 20 30 40 50 60

Time (min)

(b) ..

1.8 4

1.5

In rate

1.2

0.9 -

0.6 -

In rate = 0.88In[Ru] + 1.87

(d) 5

In rate

15 42 09 06 03 00 03

In [Ru]

In rate = 0.95In[Ru] + 2.6

A5 42 -09 06 03 00 03

In [Ru]

Figure 3.6. mol Ha/mol NH3BHj; versus time graph depending on the Ru concentration in (a) Ru%Fe3Oq
(4.0% wt Ru) and (c) Ru%/ SiO,-Fe304 (4.0% wt Ru) for the hydrolysis of AB (100 mM) at 25.0 + 0.1°C.
(b and d) The corresponding plots of hydrogen generation rate versus the concentration of Ru, both in
logarithmic scale constructed from a and c, respectively.



Fig. 3.6. a and Fig. 3.6. c indicate the equivalent H> generated per mole of AB versus
time graphs during the hydrolytic dehydrogenation of AB (100 mM) starting with
Ru®/Fes04 (4.0% wt Ru) or Ru%SiO.-FesO4 (4.0% wt Ru) catalysts in different Ru
concentration at 25.0 = 0.1 °C. The rate of H2 generation was determined by the linear
part of each plot in Fig. 3.6. a and Fig. 3.6. ¢ and plotted versus ruthenium
concentration, both in logarithmic scale. The resulting plots in Fig. 3.6. b and Fig. 3.6.
d give linear lines with a slope of 0.88 and 0.95 for the Ru%/FesO4 (4.0% wt Ru) and
Ru%SiO,-Fes04 catalysts, respectively, indicating that the hydrolysis of AB is first
order with respect to the ruthenium concentration in both reactions. The initial TOF
values of Ru%/Fes04 (4.0% wt Ru) and Ru%SiO,-Fez04 (4.0% wt Ru) are 29 and 127
min’, respectively, in hydrogen generation from the hydrolysis of AB at 25.0 + 0.1
°C. Recall that both of Ru%Fes04 (4.0% wt Ru) and Ru%/SiO,-Fe304 (4.0% wt Ru)
catalysts have similar average particle sizes of Ru NPs, 3.75 + 0.81 nm and 3.43 +
0.81 nm, respectively. Thus, the high catalytic activity of Ru%SiO2-Fes04 may be
attributed to (i) the higher surface area of SiO2-FesOs (61 m?/g) compared to that of
FesO4 (44 m?/g), (ii) the nature of silica surface as compared to magnetite, and (iii)
the protective silica cover which prevents the negative effects of magnetite on the
catalysis. In hydrolysis of AB, the catalytic activity of Ru%/SiO,-Fe3O4 catalysts is

comparable to that of the reported catalysts listed in Table 1.

3.3. Kinetics of Ru%FesOs4 and Ru%SiO2-Fes0s4 Nanoparticles in Hydrogen

Generation from the Hydrolysis of Ammonia Borane

The analysis of the hydrolytic dehydrogenation of AB at different temperatures in the
range of 25-40 °C using Ru®/Fe304 (Fig. 3.7. a) and Ru%SiO,-Fes04 (Fig. 3.7. ¢)
catalysts were performed. The rate constants for the H> evolution reaction were
determined from the slope in the linear part of each plot given Fig. 3.7.a and Fig. 3.7.
c. The temperature dependent rate constants were used to construct the Arrhenius plots
in Fig. 3.7. b and 3.7. d. The apparent activation energy (Ez) for the hydrolysis of AB
using Ru®/Fes04 and Ru®%/SiO2-FesO4 catalysts is 77 + 2 kJ.mol™? and 54 + 2 kJ.mol?,
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respectively. The Ea values for the Ru catalysts reported for the hydrolysis of AB are
also listed in Table 3.1 for comparison. It is admirable that there is no correlation

between catalytic activity and the activation energy as seen from Table 3.1.

Table 3.1. The turnover frequency (TOF; mol Hz-(mol Ru).(min)), activation energy (Ea; kJ.mol )
and the reusability of Ru catalysts used in H, generation from the hydrolysis of ammonia borane. * The
cases of recyclability where AB has been added into the reaction solution without separating the catalyst

from the reaction mixture.

Catalyst TOF Ru/AB Ea Reusability (% of Ref.
(min')  molar ratio (kJ.mol?) retaining initial
activity)

RU/TiOz 604 0.001 37.7 - [24]
(anatase+rutile)
Ru/graphene 600 0.002 12.7 *80% after 5.Run [31]
RuU/TiO: (rutile) 510 0.001 - = [24]
Ru/TiO2 (anatase) 455 0.001 - - [24]
Ru/Carbon black 429.5 0.00425 34.81 43.1% after 5.Run [29]
Ru%CeO: 361 0.00095 51 60% after 5.Run [34]
RUYMWCNT 329 0.00094 33 41% after 4.Run [30]
Ru/SBA-15 316 0.002 34.8 - [44]
Ru/g-CsN4 313 0.0017 37.4 50% after 4.Run [45]
Ru/TiO2(B) 303 0.0041 45.6 *25% after 4.Run [46]
nanotube
Ru-MIL 53(Al) 266.9 0.004 33.7 *75% after 5.Run [28]
Ru-MIL 53(Cr) 260.8 0.004 28.9 *71% after 5.Run [28]
Ru@TiO2 241 0.0006 70 - [47]
Ru@MIL-96 231 0.0039 48 *65% after 5.Run [48]
Ru/nanodiamond 229 0.0033 50.7 40% after 5.Run [49]
Ru@SiO2 200 0.0025 38 - [50]
Ru@MIL-101 178 0.008 51 - [51]
Ru%ZrO> 173 0.0063 58 67% after 5.Run [52]
Ru(0)/SiO2-CoFe204 172.5 0.00097 45.6 94% after 10.Run [35]
RU/HfO> 170 0.00396 65 75% after 5.Run [53]
Ru/Hap 137 0.00392 58 92% after 5.Run [54]
RU%X-NW 135 0.00271 77 - [26]
RuCu/graphene 135 0.004 30.59 - [55]
Ru%SiO2-Fes04 127 0.0079 54 100% after 5.Run This

work
Commercial Ru/C 113 0.00178 76 - [56]
(3.0%wt)
Ru/graphene 100 0.010 11.7 *72% after 4.Run [57]
Ru’% Fe3O4 29 0.0079 77 100% after 5.Run This

work
Nanoporous Ru 26.7 0.01 66.5 *67% after 5.Run [58]
(Ruz0Also)
Meta stable Ru NPs 21.8 0.00250 27.5 - [59]
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Figure 3.7. The evolution of equivalent H, per mole of AB versus time plot for the hydrolytic
dehydrogenation of AB starting with (a) Ru%FesO4 (4.0% wt Ru; 0.40 mM Ru), (c) Ru%/SiO,- Fes0q4
(4.0% wt Ru; 0.40 mM Ru) and 100 mM AB at various temperatures. The corresponding Arrhenius
plots for the (b) Ru®/Fe;0, and (d) Ru®/SiO,-Fes0,, catalyzed hydrolytic dehydrogenation of AB.

3.4. Reusability of Ru%FesOs and Ru%SiO2-Fe3sOs4 Nanoparticles in the
Hydrolysis of Ammonia Borane

The reusability of Ru%FesOs and Ru%/SiO,-FesO4 catalysts were also studied in
hydrolytic dehydrogenation of AB. The catalysts were subsequently used five times
in this reaction by isolation of catalyst from the reaction solution using a permanent
magnet after previous run and redispersing in a new batch of AB solution for the next
run of hydrolysis. The resulting H> evolution plots (Fig. 3.8. a-b) and the plots of
corresponding percent initial catalytic activity and the percent conversion of AB for
each run (Fig. 3.8. c-d) demonstrate that there is no remarkable loss in the catalytic

activity of Ru%/FesOs and Ru®/SiO»-FesOs catalysts after five reuses and 100%
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conversion of AB is succeed in all the cycles. Indeed, the isolated solution after each
run provides no catalytic activity, which shows no leaching of Ru NPs to the reaction
solution. Table 3.1. also gives the reusability behavior of the Ru catalysts reported for
the hydrolysis of AB. The Ru%Fe304 and Ru%SiO.-FesO4 catalysts provide much
higher reusability compared to the other highly active catalysts such as Ru/Carbon
black [29], Ru/CeO: [34], Ru/MWCNT [30], Ru/nanodiamond [49], Ru/ZrO; [52],
Ru/HfO, [53], Ru/HAp [54]. Furthermore, magnetic separation of Ru®/FesO4 and
Ru?%SiO,-Fe304 catalysts make them advantageous over the most of the highly active

catalysts given in Table 3.1.
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Figure 3.8. Plots of equivalent H, per mole of AB versus time during the successive runs of hydrolytic
dehydrogenation of AB (0.10 M) starting with and (a) Ru%Fe;Os (4.0% wt Ru; 1.18 mM Ru) (b)
RU%SiO,-Fe304 (4.0% wt Ru; 1.18 mM Ru) at 25.0 + 0.1 °C. The corresponding percent initial catalytic
activity and the percent conversion of AB for each run for (c) Ru%Fes;O4 and (d) Ru%/SiO-Fe;04
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CHAPTER 4

CONCLUSION

The following findings and insights were obtained from this study on the development
of highly active, magnetically separable and reusable ruthenium(0) nanoparticle
catalysts for hydrogen generation from the hydrolysis of ammonia borane by

supporting them on the surface of bare or silica coated magnetite nanopowders:

Ruthenium(0) nanoparticles were formed from the reduction of ruthenium(l1l) ions
impregnated on the surface of bare magnetite (Ru®*/FesOs) or silica coated magnetite
(Ru®*/SiO,-Fe304) nanopowders with sodium borohydride in aqueous solution at
room temperature. Ruthenium(0) nanoparticles could be isolated from the reaction
solution by using a magnet and characterized by a combination of advanced analytical
techniques. The results reveal that ruthenium(0) nanoparticles are well dispersed on

the surface of bare or silica coated magnetite nanopowders.

Ruthenium(0) nanoparticles supported on the surface of bare magnetite or silica-
coated magnetite nanopowders are magnetically separable nanocatalysts, which can
readily be isolated from the reaction solution using a permanent magnet. Furthermore,
the silica coating of magnetite nanopowders provides a remarkable increase in the
catalytic activity of ruthenium(0) nanoparticles supported on the surface of silica layer
compared to that on the surface of bare magnetite. Ruthenium(0) nanoparticles,
supported on the surface of silica-coated magnetite, Ru%SiO,-FesOs, provide a
catalytic activity as high as TOF = 127 min?® while the magnetite supported
ruthenium(0) nanoparticles, Ru%/Fe3O4 have a TOF value of 29 mint in hydrolytic
dehydrogenation of ammonia borane at 25.0 + 0.1 °C. The huge increase in catalytic
activity of magnetically separable nanocatalyst upon silica coating indicates the

importance of silica layer on the surface of magnetic support. The thick silica layer
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hinders the negative effect of magnetite core on the catalytic activity of ruthenium(0)
nanoparticles supported on the surface of magnetite nanopowders; that is, this silica
layer hinders the potential involvement of iron in the catalytic cycle. The catalytic
activity of Ru%SiO,-Fez04 (TOF = 127 mint at 25.0 + 0.1°C) is comparable with that
of Ru%/SiO, (TOF = 200 min™ at 25.0 + 0.1 °C) [41]. However, the latter catalyst is
not magnetically separable and, therefore, most likely not reusable as no information
on its reusability has been reported in the respective paper [41]. Ru%SiO2-FesOq
catalyst reported in this dissertation is magnetically separable and reusable retaining
its complete initial catalytic activity even after the fifth reuse releasing 3.0 equivalent
H2 in hydrolytic dehydrogenation of ammonia borane.

The facile preparation, high catalytic activity and reusability of the magnetically
separable ruthenium(0) nanoparticles in releasing 3.0 equivalent H> per mole of
ammonia borane from the hydrolytic dehydrogenation at room temperature make them
promising candidate to be considered as catalyst in the hydrogen generation systems

for onboard applications.
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