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ABSTRACT

RUTHENIUM NANOPARTICLES SUPPORTED ON
NANOTUBES/NANOWIRES:
HIGHLY ACTIVE AND LONG LIVED NANOCATALYSTS
IN HYDROLYTIC DEHYDROGENATION OF AMMONIA BORANE

Akbayrak Serdar
Ph.D., Department of Chemistry

Supervisor: Prof . Dr . Sai m

October2016, 117 pages

Ammonia borane (NEBH3;, AB) is one of the most promisinglgl hydrogen
storage materialdue to its high hydrogn storage capacity (19.6% wtnpon-toxicity
and high stability under ambient conditiodgnmonia borane can releakgdrogen
upon hydrolysis in the presence of suitable catalysts evenoat temperature.
Although a large variety of catalyskave been tested in hydrogen generation from
the hydrolysis of ammonia borane, thevelopment of efficient, lonrtived, reusable

catalystds still an important issue

This dissertation reports the preparatiomaracterizatiomnd catalytic usef highly
active, reusable and lofiyed ruthenium atalysts for the hydrolysis of ammonia
borane. Ruthenium(0) nanoparticles supported on multiwalled carbon nae®tu
(RWWMWCNT) were prepared for the hydrsly of AB and characterized by
advanced analytical techniques including 1OBS, XRD, TEM, SEM, EDXand

¥z k

XPS. The results reveal that ruthenium(O

nm are weldispersed on multiwalled carbon nanotulRe/MWCNT were found

to be highly active catalyst in hydrogen generation from the hydrolysis of AB with a

turnover frequency value of 329 mifat2 5. 0 '"® 0. 1



For comparison, ruhenium(0) nanoparticles were dsmed on an inorganic
nanowire, xonotlite (G#SisO17)(OH)). Ruhenium(0) nanoparticles supported on
xonotlite (RU/X-NW) were prepared by the ion exchange of'Rans with C&"
cations in the lattice of xonotlite nanowire followed by their reduction with sodium
borohydride in aqueous solution at room temperatiRe”/X-NW was also
characterized byhe same analytical metti® Ru”/X-NW are found to be a long
lived catalyst with a TTO value of 1300in hydrolysisof ammonia boran@ 5. 0 N
0.1'C. The comparisam in terms of activity, lifdime and reusabilitywere also
extended tdahe ruthenium(0) nanoparticles supportedhgdroxyapatite (HAp) and
silica coated cobalt ferrite (Cof®,) supported ruthenium catalys®u/HAp and
RUY/SiO»- CoFe0, catalysts weréound to be highly active in hydrolysis of AB Wit

a TOF valueof 137 min' and 172.5 mit, respectivelyRu”’HAp providesa TTO
value of 87,000 inhydrolysis of ammonia borane &5 . 0 "Gl RUOSIQ-
CoFeQ, catalystwas found to be highly reusable catalyst in hydrolysis of AB

retaining 94% bits initial catalytic activty even after tenth use.

Keywords: Catalyst, Ruthenium Carbon NanotubeNanowire, Hydoxyapatite,
Silica Coaing, Magnetically Separable &@alyst Hydrolysis of Ammonia Borane,

Hydrogen Generation.
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Amonyak boran (NkFBH;, AB) y¢ksekkhpdsbdjieni nhakéhagt |
sahipo|l mas,gredcdam si z ol maséndan ve ortam KoK
g°stermesi Ademklaid @l ahyiedr oj en depol ayécé r
Amonyak boran uygun katal i z°r | @mizgea varl
hidrojen salabilmektedironyak boranén hidr opekzaknden |
katalte%t¢s¢medi |l medgiknd i 1 ajumeum °m¢erl ¢ ve oo

kataliz°rlerin gelixktiril mesi hal a °neml |

Bu tezde amdmnyall baramémn ol duk-a aktif,
° m¢rl ¢ rutenyum kataliz®rl erinin hazeéerl a
kat manl é karbon ubhangump ndeaesp’dRMCHT} érk | ar &
amonyak boranén h@ARB)y vdlGRGES, XRR, TEM, SEMn

EDXveXPS i -eren il eri anal iElde kdilepsd nt e mbd e r |
143. 0 nm boyut ar ahaggp @maacakli ar ernuére nyakn k
nanot¢p VYezeyine iyic RuWMEGNT ladoayalehodn g° st ¢
hidrolizinden hidrojen el @BsDn'@®ilé @24k akt

-evrim frekanséna sahiptir.
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Keyasl| ama i -in rutenyum nanopaxonoditcéekl| ar é [
czerinde de Ch(GigOt)(OH.l RBXKNWY R ¢ yonl are il e
xonotlit nanotellerindeki Cdi yonl ar @&nén yer deji kKtirmesiyl e

sodyum borhidrg¢gr ile indX-MWedmesiyynlee amaz & i
yontemlerl e t %@aNeWd nal2mBmék t €D Baenfi®mmy ak bor anén
hidrolizinde 1341 0 0 -evrim sayése il e uzun O m¢r | ¢
bul unmAaktufl ik, ° m¢r vV e tekr @&@ryasddudmanel abi

hidroksiapatit WeFe&dkeskakl |l erkbaphgomékatal i:
genk | et i RufHAR veiR{/SiO-CoFeO,k at al i z°rl erinin 137 ve
sayesée ile amonyak bor an hidrolizinde ol du
RIW/HAp25. 0 'Wo@enbnyak boranénmOhi-dervolidne i snadyeé s87 ,
sahiptir.RuOISiOZ- CoFeOskat al i z%r ¢n¢n hanoigimdg arkkezb or an én

kull anémdan sonra bil e yarkakakttekfrlair] i khulnl &% é

ol dbplbUunmuxktur .

Anahtar Kelimeler: Katali z°mand®uare-ny&ark lbamé nanot ¢p,
NanoteLlHi dr oksi apatit, Silika kapl ama, Manyet.|
AmonyakBoran Hidrolizi Hi dr oj.en | r et i mi
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CHAPTER 1

INTRODUCTION

1.1.Hydrogen

The use of hydrogen an energy carrier is anticipated to facilitatee transition
from fossil fuels to the renewable energy sourcesthe way towards a sustainable
energy future I]. Secure storage and effective release of hydrogen are very
important in the application of hydrogen enerdyemendousefforts have been
devoted to research @mevelopment omaterials that can hold sufficient hydrogen

in terms ofgravimetric and volumetric densities and have suitéidemodynamic

and kinetic propertief2]. Long-term exploratiorshows that the most effective and
safest way of storingydrogenis to use solid media such as sorbent matef&ler
hydrides #]. Chemical hydridegprovide a higher energy density for,tétorageas
compared to thgas or liquidH, tank systemsMany chemical hydrides haveeen
tested as hydrogen stoeagnaterialsfor onboard applidéons [5,6] to achieve the
total system targstof DOE Center of Excellencg,8]. Recent reporthave shown

that B'N adductsneed to be considered as hydrogen storage materials because of
their high content of hydrogen with multiple neg, the protidNi H and hydridic B

H hydrogen[2]. Among B-N adducts, ammoniborane(HsN L. B,HAB) appears to

be an appropriate hydrogen storagaterials because of its high hydrogen content of
19.6 wt % ,high stability under ambkint condiions, and nontoxicityd].

Hydrogen stored in the AB complex can be released by eithermal

dehydrogenationor solvolysis Thermal dehydrogetian process has some

1



drawbacks: i) itrequireslong induction time (~3h) andhigh temperatur€Eq.1-4)
[1Q], ii) variousbyproducts, such ammonia andorazine (BNsHg) can be formed

during reaction.

NH3BH3(s)Y  NaBHa(l) Eqg.1
NH3BH3( | ) Y ABH4n(S)[+MN(E) T& 100 Ed)C
1UNn[NHyBHo( s) Y -BH[s)HHGH TA& 150 EdJC
IN[NHBH],( s) Y B@)(s) +H T& 120 E&g4dC

Solvolysis (hydrolysis or methanolysis)1{] appears to be favorabfer hydrogen
generation from AB aambient temperaturéB is relatively stable to hydrolysis in
agueous solution. Thereforthe hydrolytic dehydrogenation of AB ags at an
appreciable ratenly in the presence of suitablatalyst at room temperatufgq.5)
Hydrolysis of ammonia borane can be monitored"{B8NMR wherebyNH3;BH-
exhibits a g24.8ppmevhile orate prodadOg) exhibits a singlet
around 0=10. Regapdmgnthe(n&turegaf hoyon containing product of
hydrolysis, we adopted the use BQaq) ion as hydrolysis produ¢iil]. When
dissolved in aqueous solution, B@on [12] will be converted first to B(OH) ion
which can undergo condensation to polyborate species as confirmes BIMR

spectroscopyl3].

NH3BHs(ag) + 2HO(I) Y  NsHaq) + BQ'(aq) +3H(g) Eq.5
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Figure 1. *'B-NMR spectra of (apqueousammonia borane and (ihe reaction solution after the
hydrolysis of AB.

1.2.Catalysis and Metal Nanoparticles

Catalysts can provide a selective route for the desired produopényng faster
reaction pathwaysin fact, they make the reaction go fasteéletal nanoparticles
having the particle size smaller thd00 nm,have been widely used in catalysis

because they haviarge fraction ofsurfaceatomswhich results inmuch higher



catalytic activity ompared to the bulk metallhey provide high activity and
selectivity in many chemical reactions sucthgdrogenation of aromatics, oxidation
of alcohols, amination, hydigsilation, HeckSuzuki coupling 14]. Metal
nanoparticles are usually isolable, redispersible, and reusable catalysts aradsohus,

meet some requements of the modern conceptgreen catalysigl5,16].

Metal nanoparticlescan be prepared by t - d pwn o aneupib catptpommac hes
[17]. In the former approachulk material iscut into pieces in nanoscaty using

special techniques such laall milling, electronbeam lithography18]. In the latter

approach metal nanoparticles are obtaing@dssembling thatoms or molecules by

various methods such abemicalreduction chemical vapor depositicaind atomic

layer deposition techniquetg).

However, he aggregation of nanoparticles to the bulk metal is still the most
important problem that should be overcome in their catalytic applicatidact, i is

well known that metal nanoparticles of high surface endsgyd toaggregate into
large particles in the absence of stabilizing aggts

Figure 2. lllustration ofelectrostaticstabilization



Figure 3. lllustration of seric stabilization

Electrostatic stabilizatiorand steric stabilization are the well known methods for
stabilizing of metal nanoparticles. In the former oramions anccationsfrom the
starting materials remain in solution, and associate wittameparticleg21]. The
particles are surrounded by an electrical double IEB@r(Fig. 2) and a&Coulombic
repulsive force between individual particles was achieved, which prevdrgs t

aggregation of particld23] (Fig. 2).

Steric stabilization ometal NPds achieved by coating the nanoparticles with layers
of protecting groupgamines, polymers, thiols etc., with long alkyl chains) which
provide steric barrier and thysevents close contact of méhanopaicles to each
other P4] (Fig 3).

Activity and stability of nanoparticles catalysts can be imprdwegbreventing the
metal nanoparticles agglomeration ussujtable stabilizing agen{24]. Metal NPs
canalso be stabilized bgupporting oncarbonecous materials (carbaraphene,
carbon nanotube), metal oxides or oxide surfaces,(TW@Q, Si0,, Al,O3), porous
materials (MOFs, zeolite)Thesematerialsmay provide the preparation of metal
nanoparticles with controllable size and size distributidowever, he choice of

supporting material foa desired reaction is criticg25].

There has been growing interest on carbon bsspgdortingmaterialssuch asarbon
black, carbon nanotubesC(Ts), graphene CNTs are cylindrical nanostructures

composed of sheet(s) of carbatoms They can be divided into two categories
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namely, singlevall carbon nanotubel§SWCNTs)and multiwall carbon nanotubes
(MWCNTSs) (Fig 4).

Single-wall Multi-wall
CNT

Figure 4. Schematic representation of carbon nanot(iBés

Carbon nanotubes have exceptional structural, electronienactanicaproperties

[26], which makesthem an ideal materiabtbe used in many field®7]. Carbon
nanotubes appear to be very attractivaterialsas catalyst supports in liquid phase
reactionsas they provide high dispersion of nanoparticles, significantly increase
contact surface between the reactants and active sites, and greatly minimize the
diffusion limitations, compared with traditional catalyst suppdr@§]. Since
graphenea 2D sheetof spf-hybridized carbon, have the similaroperties with the
CNTs, much attention has been paid to graphenieerield of catalysis However,
difficulties in preparation of grapherieom graphite using Hummers meth§2o]

makes CNTsgdeal candidateas acatalyst supporamong themembers ofcarbon

family.

The morphology, shape, structure, size, arrangement of atoms, crystal structure and
material composition of the catalysts can beestigatedusing advance analytical

tools as shown in Figh. Scanning electron microscopy (SEM), atomic force



microscopy (AFM) transmission electron microscopy (TEMX-ray diffraction

(XRD), X-ray photoelectron spectroscopy (XP®nergy dispersive spectroscopy
(EDS), inductively coupled plasma (ICP)uclear magetic resonance spectroscopy
(NMR), extended Xay absorption fine structure (EXAFS), scanning tunneling

microscopy (STM are widely used techniques in catalysis field.

Characterization
Techniques

—

Crystal
Structure

cODEER D 'EDS} o

Figure 5. Schematic presentatiaf characterizationechniques for the catalysts

Morphology Composition

1.3. The Motivation of the Dissertation

Among thetransition metal nanoparticlesithenium is oneof the most active
catalysts in many chemical reactions such as alcohol oxid486hshydrogenation

of aromaticq 31], hydrogen generation from sodium borohydri@8] and ammonia
borane B3]. Therefore, rutheniunbased catalysts were selected to be used in
hydrogen generation from the hydrolysis of ammonia bomartais study.To the
best of ourknowledge commercial Ru/Cawn, published in 2009was the first
ruthenium containing carborbased catalystised in hydrolysis of AH34]. That
report encourageus to prepare ruthenium nanopartickegportedon multi-walled
carbon nanotubes (RMWCNT) due to the unique properties of CNTs mentioned
above.RUMWCNTs showremarkable catalytic activity with ROF value of 329
(mol Hi ( mo |7 mid)nin hydolysis of AB at 25.0'C. The reusability and
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lifetime experiments show that BMWCNTs are still active catalyst in the
hydrolysis of ammonia borane even after the fourth run preserving 41% of their
initial catalytic activity and also providing 26400 turnovers in the hydrolysis of AB
at room temperaturebefore deactivationChapter 3 To achieve more stable
cataysts in hydrolysis of AB asompare to the RW/MWCNTSs we considered to
develop various ruthenium catalysts on different supporting matdndlss respect,

Ru NPs were supported onxonotlite nanowire (Ru”X-NW) which is one
dimensional inorganiccounterparts of carbon nanotubeRu/X-NW showed
superior catalytic life time (TTO= 1300 mol HYmol Ru (Chapter4). All the
results of R/X-NW were also compared to the one obtainedrimpenium(0)
nanoparticles supported on the surfacéuk hydroxyapatitg RUHAp) (Chapter

5). RUHAp provide 87,000 turnovers and maint&i8% of their initial catalytic
activity even after the fifth run of hydrolysis of ammonia boraneraim
temperature. However, isolation of these catalysts by filtration and centrifugation is
difficult and material loss is inevitable durirthe isolation processTherefore,
magnetically separable and highly reusable Ru NPs waisedevelopedin this
dissertation(Chapter6). Ruthenium(0) nanoparticles supported on magnetic silica
coated cobalt ferrite (R{8i0,-CoFe0O,) were prepared and used as catalyst for the
hydrolysis of AB.RUY/SiO-CoFe0, are reusable catalgsin hydrogen generation
from the hydrolysis oAB retaining 94% of their original catalytic activity after the

tenth use

Briefly, in this dissertationvarious ruthenium based catalysts were successfully
prepared andharacterized bysing advanatanalytical toolsncluding TEM, SEM,
EDS, XRD, XPS|CP-OES. The catalysts were tesiadchydrogen generation from
the hydrolysis of ammonia borane. Highly active, ldhgd and reusable catalysts
weredevelopedor hydrogen generation from the hydrok/sif ammonia borane.



CHAPTER 2

EXPERIMENTAL

2.1 Materials

Ruthenium(lll) chloride trihydrate (RWL 3,8) andammoniaborane (AB, 97%)
hydroxyapatit HAp, 99%), Ca(NG;),L. 4,8 (98%), NaSiOsl. 9,8 (99%) Iron(lll)
chloride (FeC), tetraethylorthosilicate (TEOS,98%), ammaium hydroxide
(NH4OH), sodium hydroxide (NaOH), cobalt(Ithloride (CoCJ), were purchased
from Aldrich. Multiwalled carbon nanotubes (MWCNYwith adiameter of 150 nm

werepurchased fronklectrovac, Kalosterneuburg, Austria.

2.2 Characterization

Metal contens of the catalysts wee determined by Inductively Coupled Plasma
Optical Emission Spectroscopy (IGPES, LeemaiDirect Reading Echelle).
Transmission electron microscopy (TEM) wasfpaned on a JEM2100F (JEOL)
microscope operating at 200 k8amples were examined at magnification between
400 and 700 K. The Xray photoelectron spectroscopy (XPS) analysis was
performed on a Physical Electronics 5800 spectrometer equipped with a
hemi spheri cal analyzer and using monochr
X-ray tube working at 15 kV, 350W and pasergy of 23.5 ke\A'B NMR spectra

were recorded on a Bruker Avance DPX 400 with an operating frequency of 128.15
MHz for 'B. X-Ray Diffraction pattern of the samples were characterized by Rigaku
Mini-Flex XRD (2d range= 180", scanning rate= 1 degreefmte)with a radiation
source of CtKygl 1 ne ( o= BEThsrface areaf the. samplesvas analyzed

by using a Micromeritics ASAP2020.



2.3 Impregnation of Ru®* ions on Multiwalled Carbon Nanotubes
(RU**MWCNT)

Multiwalled carbon nanotubes werefluxed in a mixture of HN@(36 mL)/H,SO,

(54 mL) a 6 h. he miktCe waothen filtered and washed with distilled

water untilthe pH value of filtrate reached 7. The functionalized multiwatkdbon
nanotubes wer e dr iteedvea The HrRMWCATs (f0dmg) 12 h i n
were stirred in 100 mL of an aqueous solutio®.&6 mg of RuGL. 3.8 for 72 h at

room temperature. The sampl@as then filtered using a funnel with sintered glass

filter and washedvith 100 mL of distilled water and ¢hremnant was dried at 120

A Gor 12 h in the oven

2.4. In situ formation of ruthenium(0) nanoparticles sipported on multiwalled
carbon nanotubes (RY/MWCNT) and concomitant hydrolytic dehydrogenation

of AB

Ruthenium(0) nanoparticles supported omultiwalled carbon nanotubes
(RU/MWCNT) werein situ generatd from the reduction of R(/MWCNT during

the catalytic hydrolysis of AB. Before starting the catalyst formation and
concomitant catalytic hydrolysis of AB, a jacketed reaction flask (20auh)aining

a Tefloncoated stir bar was placexh a magnetic stirrer (Heidolph MB01) and
thermostatted to 2580.1AC by circul ating water through i
temperature bath. Then, a graduated glass tube (60 cm in heigi®Qardh in
diameter) filled with water was connected to the reaction flask to measure the

volume of the hydrogen gas to be evolved from the rea(ignG).
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Figure 6. Schematic diagram of the reaction setup used for AB hydrolysis

Next, 10 mg powder oRU*/MWCNT (1.91 wt % Ru) was dispersed in 10 mL of
distilled water in the reaction flask th
AB (1.0 mmol HN.BH3) was added into the flask and the reaction medium was
stirred at 1000 rpmAfter a short induction period of less than 1.0 min, ruthenium(0)
nanoparticles were formed and the catalytic hydrolysis of AB started. The volume of
hydrogen gas evolved was measured by recording the displacement of water level
every 30 s at constant abspheric pressure of 693 Torr. The reaction was stopped
when no more hydrogen evolution was observed. In each experiment, the resulting
solutions were filtered and the filtrates were analyzed'ByNMR and conversion

of AB to metaborate anion was confircthey comparing the intensity of signals in
the'B NMR spectra of the filtrates.

2.5. Determination of the most active wthenium loading for RuMWCNT used

in hydrolytic dehydrogenation of AB

The catalytic activity oRUMWCNT samples with variousuthenium loading in

t he r an g & wobwas tBsted in Bydr8gen generation from the hydrolysis of

AB starting with 0.216 mM Ru and 100 mM AB in 10 mL solutiona2é 0. 1 AC.
The highest catalytic activity was achieved by using .t rutheniumloaded
multiwalled carbon nanotubes. For all the tests reported hereafter, ruthenium loading

of 1.91% wt. was used unless otherwise stated.
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2.6. Determination of activation energy for hydrolytic dehydrogenation of AB

catalyzed byRUYMWCNT

In a typical experiment, the hydrolysis reaction was performed starting with 10 mL

of 100 mM (31.8 mg) AB solution and 10 mg &u*/MWCNT (1.91% wt.

rut heni um, [ Ru] = 0.189 mM) at various temg

order to obtain the activation energy (Ea).

2.7. Reusability of RuMWCNT in hydrolytic dehydrogenation of AB

After the complete hydrolysis of AB started with 10 mL of 100 mM AB (31.8 mg

H3sN.BHs), and 30 mgRu**/MWCNT (1.91% wt. ruthenium, [Ru] = 0.567 mM) at

250 N . 1t he catalyst was filtered through a
with 100 mL water and dried in the oven at
RU/MWCNT were weighed and redispersed in 10 mL solution of 100 mM AB for a

subsequent run of hydrolysis260N 0. 1 AC.

2.8 Determination of the catalytic lifetime of RuUMWCNT in hydrolytic
dehydrogenation of AB

The catalytic lifetime oRUMWCNT in the hydrolysis of AB was determined by
measuring the total turnover number (TTO). Such a lifetime experiment was started
with a 100 mL solution containing 0.0189 mRL**/MWCNT and 30 mM AB at

25. 0 AR. 0 When prdsént irt theesolufioB was completely hydrolyzed,
more AB was added and the reaction was continued in this way until no hydrogen

gas evolution was observed.

2.9.Preparation of xonotlite nanowire [Cag(SigO17)(OH);]

Xonotlite nanowire (XNW) was preparedy following the procedure described

elsewhere 35]. The Ca(NQ).L 4,8 and NaSiOsl. 9,8 were dissolved in distilled

water, respectively to obtain 0.5 M solutions. The reactant molar ratio of Ca/Si was

kept at 1.0. The Ca(N§) solution was added dropwise into JS&; solution at

room temperature under stirring to obtain a white suspension. Then the suspension

was transferred into the Tefldimed stainless t e e | autocl aves and heat
for 24 h, followed by cooling dowro room temperature naturally. After the

hydrothermal treatment, the suspension was filtrated and washed with distilled water

and anhydrous ethanol for three times, respectively. After washing, the remaining

12



liquid was removed by vacuum filtration, andetlmbtained powders (xonotlite

nanowires) were dried at 120 AC for 24 h

2.10. Preparation of ruthenium(0) nanoparticles supported on xonotlite
nanowire (RU%YX-NW)

Ruthenium(lll) cations were introduced onto the xonotlite nanowires by ion
exchange of 40@ng xonotlite nanowires in 100 mL aqueous solution of 21.83 mg
RuCkL 3,8. This slurry was stirred at room temperature for three days. TH&Ru

NW sample was isolated by centrifugation and washed with 100 mL of distilled
water and the remnant was drieddanvacuum (I Torr) at 80 AC. Th
Ru** exchanged xonotlite nanowires was added into 100 mL of 75 mg NaBH
solution. When the hydrogen generation from the reaction solution eDdeu) (the

solid powders were isolated again by centrifugatioth washed three times with 20

mL of deionized water to remove metaborate anions and dried under vacuum. The
samples of RUX-NW were bottled as black powders. Ruthenium content of the
RU/X-NW sample was found to be 1%%t by ICROES analysis.

2.11.Determination of activation energy for hydrolytic dehydrogenation of AB

catalyzed by RY/X-NW

In a typical experiment, the hydrolysis reaction was performed starting with 10 mL

of 100 mM (31.8 mg) AB solution and 20 mg RG-NW (1.37% wt ruthenium,

[Ruy=0. 271 mM) at various temperatures (20

the activation energy.

2.12. Determination of the catalytic lifetime of RU/X-NW in hydrolytic
dehydrogenation of AB

The catalytic lifetime of RUX-NW in the hydrolysis of ABwas determined by
measuring the total turnover number (T)TQuch a lifetime experiment was started
with a 50 mL solution containing 0.0542 mM ®-NW and 30 mM AB at 25.0

0.1 AC. Wh e n  @drdne preleat inatnensolutionawas completely
hydrolyzed, more AB was added and the reaction was continued in this way until no

hydrogen gas evolution was observed.
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2.13. Preparation of ruthenium(l1l) exchanged hydroxyapatite (Ru**/HAp)
Hydroxyapatite Cayo(POs)s(OH),, (500 mg) was added to a solution of RuH,O
(57.7 mg) in 100 mL kD in a 250 mL round bottom flask. This slurry was stirred at
room temperature for three days. The®®R#Ap sample was filtered by using
Whatmanl filter paper, washed with 100 mL distilled water and the remnant was

dried under vacuum (orr) at 80 C.

2.14.Determination of the most active ruthenium loading for R§/HAp used in

hydrolytic dehydrogenation of AB

The catalytic activity of RUHAp samples with various rutheniutoading in the

range of 1.08.0% wt. was tested in hydrogen generation from the hydrolysis of AB
starting with 0.784 mM Ru and 100 mM AB in 1
highest catalytic activity was achieved by using 3.96% wt. ruthenium loaded
hydroxyapatite. For all the tests reported hereafter, ruthenium loading of 3.96% wt.

was used unless otherwise stated.

2.15.Determination of activation energy for hydrolytic dehydrogenation of AB
catalyzed by RJ/HAp

In a typical experiment, the hydrolysisaction was performed starting with 10 mL

of 100 mM (31.8 mg) AB solution and 10 mg RAHAp (3.96% wt. ruthenium, [Ru]

= 0.392 mM) at wvarious temperatures (20, 25
activation energy.

2.16.Reusability of RU”HAp in hydrolytic dehydrogenation of AB

After the complete hydrolysis of AB started with 10 mL of 100 mM AB (31.8 mg

HsNBHs), and 30 mg Ri/HAp (3.96% wt. ruthenium, [Ru] = 1.175 mM) at.25

0.1 AcC, t he <cat al-greytpowdenlsy centsfugitraane dtiedas dar k
under vacuum (It or r) at 80 AC after washing with 1
samples of RUHAp were weighed and redispersed in 10 mL solution of 100 mM

AB for a subsequent run of hydrolysisat®d 0. 1 AC.

2.17. Determination of the catalytic lifetime of Ru%HAp in hydrolytic
dehydrogenation of AB
The catalytic lifetime of RUHAp in the hydrolysis of AB was determined by

measuring the total turnover number (TTO). Such a lifetime experiment was started
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with a 100 mL solution containin0.784mM R/ HAp and 30 mM AB

at

AcC. Wh e n al | t he ammoni a borane presen

hydrolyzed, more AB was added and the reaction was continued in this way until no
hydrogen gas evolution was observed.

2.18.Preparation of magnetic silicacoated cobalt ferrite (SiG-CoFe0,)

The preparation of magnetic cobalt ferrite nanoparticles wasied out by
modification of previously established proced(i8é]. The detailed information on

the preparation and characterization of sitcated cobalt ferrite can be found
elsewhere37]. In a typical experiment 25 mL of 0.4 M iron(lll) chloride and 25 mL

of 0.2 M of cobalt(ll) chloride solutions were mixed at ro@mperature. Then, in a
separate vessel 25 mL of 3.0 M sodium hydroxide solution was prepared and slowly
added to the salt solution. After complete addition of NaOH solution, a black
suspension was obtained. The mechanical stirring was continued for 80h'Gt

Then the solution was cooled to room temperature and the black precipitates were
collected by using an external magnet. The supernatant was removed and the
particles were washed 3 times with deionized \wathianol solution and then the
particles wee dispersed in 50 mL of water. Silica coating was applied by using a
modified version of Stobemethod B8]. For the preparation of silica coating, 200

mL ethanol, 1 mL TEOS and 0.5 mL of MBIH were added to the reaction mixture

and subsequently 50 mtobalt ferrite colloid was added to the mixture and the
mixture was stirred for 4 h at room temperature. After the formation of the thick
silica shell, particles were collected with a magnet and washed 3 times with
deionized water. The resulting silicaged cobalt ferrite nanoparticles (SHO
CoFeQ,) were separated by using a permanent magnet and washed with excess
ethanol and dried at 17€ for 12 h in theven.

2.19. Impregnation of ruthenium(lll) ions on magnetic silica-coated cobalt

ferrite [Ru **/SiO,-CoFe,0,]

SiO,-CoFe0y (100 mg) was added to a solution of R4ICB,@ (5.65 mg) in 20 mL

H,O in a 50 mL beaker. This slurry was stirred at room temperature for 12 h and
then, all supernatant solution was removed by using a permanent magnet. Next, the

resulting particles Rii/SiO,-CoFeO, were washed with 20 mL of deionized water

15



and isolated by using a permanent magnet and the remnant was dried'@tf@20

12 h in the oven.

2.20. In situ formation of ruthenium(0) nanoparticles supported on magnetic

silica-coated cobalt ferrite [Ru%SiO,-CoFe04] and concomitant catalytic

hydrolysis of AB

Ruthenium(0) nanoparticles supported on magnetic silieded cobalt ferrite were

in situ generated from the reductioof Ru**/Si0O,-CoFeO, during the catalytic

hydrolysis of AB.10 mg powder of RU**/SiO,-CoFeQ, (1.96 wt.% Ru) was

dispersed in 10 mdistilled water in the reactionfas k t her most'@at ed at 25
Then, 31.8 mg AB (1.0 mmol 4NIBH3) was added into the flasknd the reaction

medium was stirred al000 rpm. After addingammoniaborane, ruthenium(0)

nanoparticles were formed atite catalytic hydrolysis of AB started immediately.

2.21. Determination of activation energy for hydrolytic dehydrogenation of AB
catalyzed by RY/SiO,-CoFe,0,

In a typicalexperiment, the hydrolysis reaction was performtdting with 10 mL
of 100 mM (31.8 mg) AB solution and 10 mg Ri$iO-CoFeO, (1.96% wt.
ruthenium, [Ru] = 0.186 mM) at various temperatures (25, 30, 35C\ order to

obtain the activation energy.

2.22 Reusability of Ru”/SiO,-CoFe0, in hydrolytic dehydrogenation of AB

After the complete hydrolysis of AB started with 10 mL of 100 mM AB (31.8 mg
HsNBHs), and 60 mg Rii/SiO,-CoFeO, (1.96% wt. ruthenium, [Ru] = 0.744 mM)

at 2 5 .0, thélcatdlyst was isolated using a permanent magnet/Si-
CoFeO, were magnetically attracted to the bottom of the reaction vessel by a
magnet, and the upper solution was removed and the catalyst was washed with 10
mL of water before every run in the reusiéptest. After washing, the catalyst was
isolated again and the isolated sample of/8®,-CoFeO, redispersed in 10 mL

solution of 100 mM AB for a s€bsequent run o
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CHAPTER 3

Ruthenium(0) Nanoparticles Supported onMultiw alled Carbon

Nanotubes

Most of the transition metal catalysts are in the form of nanoparticles that suffer in
long-term stability because of the aggregation into clumps and ultimately to the bulk
metal, despite using the best stabiliz&t4],[ which leads to a decrease iatalytic
activity and lifetime With high external sudce area and aspect rgt&9,40], carbon
nanotubes appear to be very attractive as catalyst supports in liquid phase reactions
as they provide high dispersion of nanoparticles, significantly increase contact
surface between the reactants and active sites, and greatly minimize the rdiffusio
limitations, compared with traditional catalyst suppolits.this dissertation, we
aimed to develop highly active, reusable and lotiged ruthenium catalysts in
hydrogen generation from hydrolysis of ammonia borane. Therefore, ruthenium(0)
nanoparticlesupported on multiwalled carbon nanotubes were prepared as catalysts

used in hydrolysis of ammonia borane.

3.1. Hydrolytic dehydrogenation of ammonia borane catalyzed by
Ru’’MWCNTs

Ruthenium(0) nanoparticles supported on multiwalled carbon nanotubegvaére
generated wking the hydrolysis of ammonidorane. Ruthenium(lll) ions were
impregnated on the acid treated MWCNT from the aqueous solution of
ruthenium(lll) chloride and then reduced by AB at room temperature. When AB
solution is added to the suspension of ruthenium(lll) ions impregnated on carbon
nanotubes, both reduction of ruthenium(lil) to ruthenium(0) and hydrogen release
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from the hydrolysis of AB occur concomitantly. The progress of ruthenium(0)
nanoparticles formation and concoamt dehydrogenation of ammorti@rane was

followed by monitonng the changes in Hpressure. Figure ghows the plot of

equivalent H generated versus time for the hydrolysis of AB starting with
RU**/MWCNT precatalyst (0.378 mM Ru) and 100 mM AB in 10 mL aqueous
solution AC€C. 2Bf0DemM & . 4 Hofrlt0 minnttethydtogeo n  per i o
generation starts and continues almost linearly until the release of 3 egyer H

equivalent of AB.

mol H2I mol NHsBH3
= = g L w
o [¢)] o (4] o

e
(&)}
Lo

e
o
Loy

Time (min)

Figure 7. Plot of equivalent Higenerated versus time for the hydrogen generétion the hydrolysis

of ammoniaborane (AB) starting with 20 mBU/MWCNT (with a loading of 1.9% wt. Ru) as

catalyst and 1.0 mmol ABin10 mLefqueous sol utAn Tahte 2s5.g0moN d@&.l1 cur ve
well to the twestep mechanism for thathenium(0) nanoparticle formation.

The observation of an induction period and a sigmoidal shape of dehydrogenation
curve indicates the formation of ruthenium(0) nanoparticles with astem
nucleation and autocatalytic growth mechanigii42]. The formation kinetics of

the Ru(0) nanopatrticle catalyst can be obtained using the hydrogen release from AB
as reporter reactiofd3], given in Scheme 1, in which P is the added precursor
RU*MWCNT and Q is the growing Ru(Q)nanoparticles on the surface of
MWCNT. The hydrogen generation from the hydrolysis of AB will accurately report
on and amplifies the amount of Ru{Manoparticle catalyst, Q, present if the

dehydrogenation rate is fast in comparison to the rate of nanoparticles formation. It

18



was shown hat the dehydrogenation is zesader in [AB] when the substrate to
catalyst ratio is large enough to ensure that the dehydrogenation reporter reaction is

fast relative to the rate of slower nanoparticle formakicendk, steps (Scheme 1).

Sigmoidalkinetics can be seen in Figureaidd fit well by the FinkeWatzky two

step, nucleation, and autocatalytic growth megdmarof nanoparticle formatiof1].

The observation of a sigmoidal dehydrogenation curve and its-tititeethe slow,
continuous nucleatior? Y Q (rate constank;) followed by autocatalytic surface
growth, P+ Q Y Q@ (rate constank,) kinetics are very strong evidence for the
formation of metal(Opanoparticles catalyst from a soluble transimatal complex

in the presence of reducing agddtl]. The rate constants determined from the
nonlinear leassauares curvdit function (given in Appendix)arek, = 4. 62 1 10
min'*andk,= 5. 8M'f minl*0The mathematically required correction has been
made tok; for the stoichiometry factorfdl058 as described elsewhé#®], but not

for taHhe nfyjsd act or o; t hat i's no correctio

number of Ru atoms on the growing mesatface.

The ruthenium(0) nanoparticles supported on multiwalled carbon nanotubes
(RW/MWCNT), in situ formed during the hydrolysis of AB, could be isolated from
the reaction solution as powder by filtration and characterized byOE®, XRD,

SEM, EDX, TEM, and XPS techniques. Ruthenium content S{/NRWCNT was
determined by ICRDES.

Q
H;NBH3 (aq) + 2H20(1)/@‘ NH, (ag) + BOy (ag) + 3H,(2)

Scheme 1. lllustration of the hydrolysis of ammonia borane as reporter reaction for the formation of
ruthenium(0) nanoparticles: P is the precursor ruthenium(lll) ion impregnatddVé8NTs and Q is the
growing Ru(0) nanoparticles.

The XRD patternsf pristine MWCNT, acidreated MWCNT and RIMWCNT are

given altogether in Figure #®r comparison. A comparison of the XRD patterns of
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pristine MWCNT and acidreated MWCNT given in panels a and b in Fig8re
respectively, clearly shows that there i ¢change in the characteristic diffraction
peaks of multiwalled carbon nanotubes after acid treatment indicating that MWCNTSs
were not severely damaged by refluxing in the mixture of EINESO, [44]. The

di ffraction peaks at 26 .-iddékxed aé 80023 £00),and 54 .
and (004)diffractions of graphite structure, respectivelyd]. XRD patterns of acid
treatedMWCNT (Figure &) and RUMWCNT with a ruthenium loading of 1.94

wt. Ru (Figure8c) are almost identical. There is no observable peak attributable to
ruthenium nanoparticles in Figu8e, probably as a result of low rutham loading

of material§46)].

(002)

(100) (004)

2 theta (deg.)

Figure 8. XRD patterns of (a) pristine MWCNT, (b) acickated MWCNT, (CRU/MWCNT with a
1.91% wt. Ru loading

The BET nitrogen adsorption analysis gave the surface arpastihe MWCNT,

acid treated MWCNT and RIMWCNT as13.2,41 and 31 rfg' %, respectively. The
noticeable decrease in the surface areaamél treatedcarbon nanotubes upon
ruthenium loading may imply the existence of ruthenium(0) nanoparticles on the

surface.
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Figure 9. ( a) SEM i mage (The s eE®X spectuamroRuW/MWCSIT witimg , (b)
1.91% wt. Ru loading.

Figure9 exhibits the SEM image and SEEDX spectrum of RUMWCNT with a
ruthenium loading of 1.9b wt. indicating thatruthenium is the only element
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detected in the sample in addition to the surface elements of carbon nanotubes (N, C,
O) because of functional groups formed after acid treatment.

Figure10 shows the TEM images of acid treated MWCNTs and/MWCNT taken

with different magnifications. From the TEM images given in Figu@s 1, ®ne

can see that (i) highly dispersed ruthenium(0) nanoparticles are formed on the
surface of MWCNTs with particle size in the
N 80nm, histogram in FigurdOf) and (ii) neither the acid treatment nor the

impregnation of ruthenium(lll) followed by reduction to ruthenium(0) causes any

damage to the wall of carbon nanotubes in agreement with the XRD results.
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Figure 10. TEM images of (a) the acitleated MWCNTSs (the scale bar is 100 nm) 8uYyMWCNT
with a 1.926 wt. Ru loading in different magnifications with scale bars of(@®), (c) 50, (d)20, (e)
10 nm, and (fthe correspondinbgistogram for the particle size distribution.
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Figure 11. Ru3d XPS spectrum dRU/MWCNT with a 1.9%6 wt. Ru loading.

The composition oRWMWCNT formedin situ during the hydrolysis of AB and

the oxidation state of ruthenium were also studied by XPS technique- High
resolution Xray photoelectron spectrum of RU/MWCNT sample with metal
loading of 1.9% wt. Ru given in Figurell shows two prominent bands at 284

and 280.2 eV, which can readily be assigned of Ru(§)&ud 3d),, respectively, in

the nanoparticles by comparing with values of ruthenium metal 285 aha\28
respectivel)({47]. It is noteworthy that the Ru(0) 3elpeak at 284.4 eV overlaps with

the C 1s peak at 283.9 eV coming from multiwalled carbon nanotubes with a percent
atomic ratio of 14.63 (C 1s/Ru 3decause of this overlap, onllge peak at 280.2

eV can with certainty be assigned to Ru(0y,3d he higher energy peaks might be

of carton or ruthenium

3.1.1. Catalytic activity of RUYMWCNT in hydrolytic dehydrogenation of

ammonia borane

Before starting with the investigation on the catalytic activitRagYMWCNT in the

hydrolysis of AB, a control experiment was performed to check whether the acid
treated MWCNTs show any catalytic activity in the hydrolysis of AB at the same
temperature. In a control experiment starting with 1.0 mmol of AB and 10 mg of
powder of MWCNT (the same amount as the one used in catalytic activity tests) in

10 mL of water at 25.0N0.JAC or N 4@CD no hydrogen gen.
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observed in 1 h at both temperatures. This observation indicates that the hydrolysis
of AB does not occuin the presence of MWCNTSs in the temperature range used in
this study.Ru/MWCNTSs are found to be highly active catalyst in the hydrolysis of
ammoniaborane generating 3.0 equivalent Bas per mol of AB in the same

temperature range.

Expectedly, the catalytic activity depends on the ruthenium loading of catalyst

materials. A series of experiments were performed starting with 10 mL solution of

100 mM AB and0.216 mM Ru using RWMWCNT sample with various ruthenium

loading (0.73, 1.471.91, 2.26, 2.8% wt. Ru) in appropriate amount to provide the

same ruthenium concentration in all of the experiments. The catalytic activity in the
hydrolysis of AB at 25.0 N 0.1 AC shows var
shown in Figurel2. TheRUWMWCNT sample with ruthenium loading of 1 %l wt.

Ru provides the highest catalytic activity in hydrogen generation fromytelysis

of AB at 25.0N0.JAC. As the ruthenium |l oading furth
activity of R\WMWCNT decreases, most probably due to the agglomeration of
nanoparticles, resulting in a decrease in the surface area amrdddesibility of

active sited48]. For all the experiments performed in this study, ammonia test was

applied following the procedure desibed elsewhere[42] and no ammonia

generation was detected.

1.0 -
T 105 B
e £ 100/
[1°]
& a6l =
s f | o
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< Fs 8.5
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4 o]
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Figure 12. Rate of hydrogen generation versus Ru loading in weight percentage for the hydrolysis of
AB (100 mM) catalyzed bRUMWCNT with various Ruloadng (0. 216 mMARu) at 25.0 N
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Figure 13. (a) mol Hy/mol H;NBH; versus time graph depending on the ruthenium concentration in
R/ MWCNT for the hydrolysis of AB (100 mM) at 25.
rate versus the concentration of Ru, both in logarithmic dog@tate) = 1.002 In[Ru] + 0.88.

Fig. 13 shows the evolution of equivalent hydrogen per mole of AB versus time

plot for the hydrolysis of AB (100 mM) using RMWCNT with a loading of 1.91%

wt . Ru as <catalyst in different rut heni
experiment, hydrgen evolution starts after a short induction period of less than 2
minutes and continues almost linearly until complete conversion of the substrate
generating 3.0 equivalents of, Ider mole of AB. All the experimental data fit well

to the 2step mechanism yielding the rate constatof the slow, continuous
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nucleationko6P ¥h®)aanhdcatalytic surface grov
formation of ruthenium(0) nanoparticles taigst from the reduction of

ruthenium(lll) ions during the hydrolysis of AB#&blel). It is observed that the rate

constantk; for the nucleation andthe rate constank, for autocatalytic grface

growth slightlychangewith the increasing concentratiof ruthenium.

Figure13b shows the plot of hydrogen generation rate versus initial concentration of
ruthenium, both in logarithmic scale, which gives a straight line with a slope of 1.0
indicating that hydrolysis of AB is firstrder with respect to the thenium
concentration. The turnover frequency (TOF) for hydrogen generation from the
hydrolysis of AB (100 mM) at 25.0 N 0.1 AC
generation rate in the linear portion of plots given in Higa for experiments
starting with100 mM AB plus RFMWCNTs with a loading of 1.91 % wt. Ru. The
TOF value of RUMWCNTS catalyst is as high as 329 migmol Hy/ mol Ru. min)

in hydrolysis o fseeAnR appendixXds thedDTOR calbulatloA3 A C
clearly seen from the TOF vads of the reported ruthenium catalyatsl that of the
carbon based catalysts in literature listed in Tabland Table3, respectively,
RU/MWCNTSs provide comparable catalytactivity in hydrolysis of AB. The TOF
values of catalysts listed in Tablk and Table 3 show variations fordifferent

supporting materials.

Table 1. Therate constantg; 0 f t he sl ow, cont i nuk af the autecatdlytcastirface n |, P Y OQ, ar
gr owt h, P + Q Y 2Q for the formation of ruthenium(0) nanop
the hydrolysis of AB at various concentration of ruthenifOF values were not corrected by the fraction of

active sites.

Ru [mM] ki (s ko (Msh Kolky TOF?
0094 6. 36°%N 240. 23 138N 7. 4% 2. 181 329
0189 7. 64*N 180. 53 1.82 N 2.38 309
0378 7. 71*N11027 2. 0D. N4t 2. 71> 274
0567 9. 46*N1L061* 2. 06 N 12,17 252

TOF values can also show variation in different catalysts concentration. In our study,
we observed a decrease in TOF valuih the increasing initial concentration of
ruthenium in the RUMWCNTs catalyst as shown in Table. The inverse
dependence of the TOF on the precatalyst concentration is a known phenomenon in
literature [49] which indicates that the lower concentration of precatalyst forms
smaller particles exhibiting higher catalytic adi for some reaction$50,51]. In
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fact, inverse relationship between the apparent turnover frequency and the
concentration of precatalyst or catalyst has been reported for different reactions with
different catalysts such as hydrogenation by cobalt(l&xydacetonate52], alcohol
oxidation by palladium(ll) acetat&d], hydrogenation of styrene by osmiur],

Heck reaction by palladium5§,56], heterolysis by cobalt5[7], cyclohexene
hydrogenation by iridium 1], and methanolysis by rhodium49g]. With one
exception of iridium hydrogenationatalyst p1], in all the reports the inverse
dependence has been ascribed to the increasing size of nanoparticles. However, only
in the case oMmethanolysis of ammonia borane catalyzed by rhodium nanoparticles,
experimental evidence has been provided showing that the inverse dependence is due

to the increasing particles siz9.
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Table 2. The turnover frequency (TORol H, .(mol Ru)'(min)?), total turnover number (TTGnol

H,.(mol Ru)) and activation energy (EkJ/mo) values of reported ruthenium catalysts used in
hydrogen generation from the hydrolysis of AB. The surface area and the average particle size of
ruthenium based catalysts were atgeen for comparison (hyphen means the data is not given).

TOF and TTOvalues were given for the hydrolysis of AB at room temperature.

Surface Average Life Ru/AB

Catalyst (;%l_:l) Ki /Ifnaol) Area Ru Particle Time molar  Ref.
(m%g) size (hm)  (TTO) ratio
RuNi/TiO ,
(anatase-+rutile) 914 28.1 39.7 2.3 153000 0.001 [58
RUMO, 604 37.7 39.7 1.7 104500 0.001 [5§]
(anatase+rutile)
Ru/graphene 600 12.7 - 1.9 - 0.002 [59
Ru/Carbon black
(Ketjenblack EC-  429.5 34.81 800 1.7 - 0.00425 [34]
300)
Ru%Ce0, 361 51 48 - 135100 0.00095 [60]
RUMWCNT 329 33 31 2.5 26400 0.00094 [671]
RuU/SBA-15 316 34.8 438 3.0NO - 0.002 [62]
RU/g-C3N4
(Graphitic carbon 313 37.4 25 2.8 - 0.0017 [63]
nitride)
RuCuNi/CNTs 311.5 36.67 - 1.35 - 0.0015 [64]
Ru-MIL 53(Al) 266.9 33.7 932.1 2.0 - 0.004 [65]
Ru-MIL 53(Cr) 260.8 28.9 1096.5 2.0 - 0.004 [69
Ru@TiO, 241 70 - 2. 3N0 71500 0.0006 [66]
Ru@MIL -96 231 48 211.2 2.0 0.0039 [67]
Ru/nanodiamond 229 50.7 - 3.7 13474  0.0033 [68]
Ru@Sio, 200 38 193 2.0 0.0025 [69
Rul0)/PSSAco 180 54 : 1.9R0 51720 0005 [70]
Ru@MIL -101 178 51 2089 1.6 - 0.008 [71]
Ru(0)/SiO,-
CoFe0, 172.5 45.6 - - - 0.00097 [72
Ru/HfO , 170 65 15.8 3. 5N0 175600 0.00396 [73
Ru/HAp 137 58 - 4. 7N0 87000 0.00392 [74]
Ru%/X-NW 135 77 70 4. 4N0 134100 0.00271 [79
RuCu/graphene 135 30.59 - - - 0.004 [76]
Commercial
Ru/Carbon 113 76 1000 - - 0.00178 [77]
(3.0%wt)
Ru/graphene 100 11.7 - 1.7 - 0.010 [79
Ru NPs@ZK-4 90.2 28 380 2. 9N0 36700 0.0005 [79
Ru@AlI,O5 83.3 46 40 2.5 - 0.00375 [80]
Ru(0)NP/laurate 75 47 - 2.6N1 5900 0.0005 [81]
Nanoporous Ru
(RuzoAls0) 26.7 66.5 27.4 21000 0.01 [82
vetaswoleRU 218 275 : 2.2 - 000250 [83]
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Table 3. The turnover frequerycand activation energyalues of reportedarbon basedatalystsused
in hydrogen generation from the hydrolysis of ABOF values were given for the hydrolysis of AB
at room temperature).

TOF Ea
Catalyst (mol Hy mol metal™min™) (ki/mol) &
Rh/CNT 706 32 [84]
Ru/graphene 600 12.7 [59]
Pt/CNTs-O-HT 468 - [85]
Ru/Carbon black
(Ketjenblack EC-300) 429.5 34.81  [34
Pd@Co/graphene 408.9 - [86]
Ru@Col/graphene 344 - [87]
Ru@Ni/graphene 339.5 36.59 [88]
Ru’’MWCNT 329 33 [61]
Ru@Co/C 319.7 21.16 [89]
RU/g'C3N4
(Graphitic carbon nitride) 313 374 [63]
RUCuUNi/CNTs 3115 36.67 [64]
Ru@Ni/C 250.1 37.87 [89
Ru/nanodiamond 229 50.7 [68]
RuCu/graphene 135 30.59 [76]
Commercial Ru/Carbon (3.0%wt) 113 76 [90]
Ag@Col/graphene 102.4 20.03 [9]
Ru/graphene 100 11.7  [78]
Ag@Ni/graphene 77 49.56 [9]]
RGO-CusPd,s 29.9 45 [92]
RGO-NizPd;o 28.7 45 [93]
RGO-Pd 26.3 40 [94]
200 ALD cycle Ni /CNT 26.2 - [95]
Ni/CNT 23.53 - [96]
Co35Pdss/C 22.7 275 [97]
CoNi/RGO 19.54 39.89 [9§]
CoNi/graphene 16.4 13.49 [99
Ag@CoNi/graphene 15.89 36.15 [10Q
Co/graphene 13.9 32.72 107
Agos@Ca s/graphene 10.5 39.33 [107
CuCo/graphene 9.18 - [103
Ni/C 8.8 - [104
RGO-Cup . @Cxy g 8.36 - [105
RGO/Pd 6.25 51 [106
Ag/C/Ni 5.32 38.91 [107
RGO-Cu 3.61 - [108
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Table 4. The rate constants of t he sl ow, cont i nul of she autocatalgia suifacen P
( ano

growth, P + Q Y 2Q for the formation of rufiomsnium
during the hydrolysis of ARt various temperature

Y Q, al
) n

Temperature (C) ki (s9) ko(M's?) Ko/ kg
20 5. 56N 5068 1. 12N 6. 2. 0Z2I
25 9. 45N 190. 3%71.59 N “11.68°
30 1. 66°N11.061* 1.41 N -48. 47
35 2. 543N3L029 2.49 N 29. 78
40 4. 15°N5.08 3.45 N''38.31°

The kinetics of ruthenium(0) nanoparticle formation and concomitant hydrogen

generation from the hydrolysis of ammonia borane were also followed at various

temperature in order to get an idea on the energy barrier for the slow nucleation and
autocatalyticsurface growth of metal(0) nanoparticles as well as for the hydrolysis

reaction. Figl4a shows the evolution of equivalens pker mole of AB versus time

plot for the hydrolysis of AB starting with RUMWCNTSs precatalyst (0.189 mM

Ru) and 100 mM AB atfive different temperatures. For each temperature,

experimental data curv@ well to the 2step mechanismielding the rate constants

kkof the sl ow, cont i nu duwbtherauwardtadytictsurfaca (P Y Q)
growth (P + Q Y 2QitherfiumO) nanbparticleocatatsttfrono n

the ruthenium(lll) ions during the hydralg of ammonia borane (Tablg #rom the

Arrhenius plots constructed by using the values of rate constaatsik, at various

temperatures in Figldb and c, one canbtain the activation energy,E 77 N 7

kJ/mol for the nucleatonandtE 41 N 2 kJ/ mol for the autocat
of ruthenium(0) nanoparticles, respectively. The large value/kf ratio also given

in Table 4 is indicative of the high levekinetic control in the formation of

ruthenium(0) nanoparticles from the reduction of the precursor ruthenium(lll) ions

on the surface of MWCNTS.

Activation energy for hydrogen generation from the hydrolysis of AB catalyzed by

RUW/MWCNTSs could be determined by evaluating the temperature dependent kinetic

data presented in Fi@ida. The rate constants for the hydrogen generation at different

temperature were calculated from the slope of linear portion of each plot given in

Fig. 14a and used for the calculation of activation energyE 33 N 2 kJ/ mol ) fr
the Arrhenius plot in Figl4d. The activation energy for the hydrolysis of ammonia

borane catalyzed by RMWCNTSs is comparable to the literature values reported
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for the same redion using other ruthenium catalysts listedTiable2 and Table 3

The results indicate that apparent activation energy values show variation according
to the catalyst. There is no observable relation between the catalytic activity and E
values of the ngorted catalyst used in hydrolysis of ammonia borane.
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Figure 14. (a) mol Hymol H;NBH; versus time graph for the hydrolysis of AB (100 mM) using
RUMWCNT([Ru] = 0.189 mM) as catalyst at different temperatu(e$ The Arrhenius plot for
nucleation of ruthenium(0) nanoparticleskin( €205.04/T + 23.91(c) The Arrhenius plot for the
autocatalytic surface growth of ruthenium(0) nanoparticlese)in( #943.7T + 16.9. (d) The
Arrhenius plot for hydrogen generatidtom the catalytic hydrolysis of ammonia boranekdpy =
13941.72T +12.57
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Figure 15. Percentage of initial catalytic activity &u”’MWCNT ([Ru] = 0.567 mM) in successive
runs after the reesfor the hydrolysis of ammonizorane (100 mM).

Reusability test of RIMWCNTSs was performed using the catalyst isolated from the
reaction solution after a previous run of hydrolysis of AB. After the completion of
hydrogen generation from the hydrolysi§ @B starting with 0.567 mM

R’ MWCNT plus 100 mM AB in 10 mL aqueou:
catalyst was isolated by filtering and washing witlitev and dried in the oven & 8

AcC. The whole powder material sOmleafe wei ¢
solution containing 100 mM AB and a second run hydrolysis was started
immediately and continued until the completion of hydrogen evolution. This was
repeated four times.

Figure 15shows the percentage of initial catalytic activity o /UWCNTS in the
subsequent catalgthydrolysis of 100 mM ammoniaorane performed by using the
catalyst isolated after the previous run
tests reveal that RIMWCNTSs are still active in the subseqtienns of hydrolysiof
ammoniaborane providing a release of 3.0 equivalenpér mole of NHBH;. After

the fourth run hydr of/NVEANSs pederveadttaf theéira 1 b o r
initial catalytic activity. TEM images of RIMWCNT after the forth rese in the

hydrolysis of ammoniaborane (Figurel6) show that ruthenium(0) nanoparticles
aggregate on MWCNT after the forth reuse. The aggregation of metal nanoparticles

causes a decrease in the surface area of nanoparticles. Therefore, the decrease in
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catalytic activity in sucessive runs can be attributed to the agglomeration of
nanoparticles on the surface of carbon nanotubes during the isolation and
redispersion processes, as the material loss has already been taken into account in
calculating the activity in each run.

Figure 16. TEM image ofRU/MWCNT after the 4 useat the scale bar of (a) 50 nm, (b) 20 nm

Catalytic lifetime of RU/MWCNTs was measured by the total turnover number
(TTO) in the hydrolysis of ammonilaorane. A catalyst lifetime experiment starting
with 1.89 ¢€mol Ru in 100 mL of solution

36

of



TTO value of 26400 turnovers over 29 h in the hydrolysis of AB before deactivation
of the catalystRU’MWCNTSs provide comparaeé TTO value for the hydrolysis of

AB as compared to the other ruthenium catalysts listed in TalAa initial TOF

value of 329 milt was obtained; however, the average TOF value was calculated to
be 15 mih' in the catalytic lifetime experiment. The @pgation that the TOF value
decreases as the reaction proceeds indicates the deactivation of ruthenium(0)
nanoparticles catalyst. After the lifetime experiment, the resulting solution was
filtered and the ruthenium concentration of filtrate was found t®.685 ppm as
determined by ICROES. This indicates that 96% of ruthenium nanoparticles still
remain on the surface of carbon nanotubes after lifetime experiment. Therefore, the
deactivation oRUMWCNTSs catalyst can be attributed to a decrease in adxktysi

of active sites of ruthenium nanoparticles due the passivation of metal surface by

metaborate ions which accumulate in solution as the reactoegxs.
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CHAPTER 4

Ruthenium(0) Nanopatrticles Supported on Xonotlite Nanowire

Activity and stability of nanopatrticles catalysts can be improved by preventing the
metal nanoparticles agglomeration using suitable stabilizing agents. Although carbon
materials provide a high external swdaarea, the aggregation of metal nanoparticles
can frequently be seeifo achieve moralurable catalysts inhydrogen generation

from the hydrolysis of AB as compared to the RWCNTs we considered to
prepare ruthenium NPs supported on xonotlite nanowirieh is onedimensional

inorganic analogf carbon nanotubes

4.1 Hydrolytic dehydrogenation of ammonia boranecatalyzed byRu%/X-NwW

The preparation oRU/X-NW comprises the ioexchange of Rl ions with C&"

ions in the lattice of xonotlite nanowire, followed by the reduction of th&-Ru
exchanged xonotlite nanowire with sodium borohydride in aqueous solution at room
temperaturekig. 17exhibits the SEM image, SEMDX spectrum and TEM images

of xonotlite namwire indicating that (i) xonotlite nanowire has an average diameter
of 36 nm and length of 1.4m, and (ii) there is no impurity detected in addition to

the framework elements of xonotlite nanowire (Ca, Si, O).
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Figure 17. (a) SEM image,(b) SEM-EDX spectrum, and(c-d) TEM imagesof xonotlite nanowire
with two different magnifications.

Ruthenium(0) nanoparticles supported on xonotlite nano®e/X-NW) were

isolated from the reaction solution by centrifugation, copiashing with water,

and drying undervacuum (f0Tor r) at 80 AC arOES,XRDar act e |
SEM, SEMEDX, TEM, XPS and the N adsorptioii desorption technique.
Ruthenium content dRu”/X-NW was found to be 1.3% wt. by ICP-OES.
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Figure 18. Powder XRD patterns of (a) xonotlite navice, (b) RG*/X-NW, (c) RI/X-NW with a
1.37% wt Ru loading.

Fig. 18 shows the XRD pattern of xonotlite nanowire powders, the ruthenium(lll)
ion exchanged xonotliteRU**/X-NW) andruthenium(0) nanoparticles supported on
xonotlite RU”X-NW) with a ruthenium loading of 1.8 wt. Ru. It can be seen that

all the peaks in Figl8a match the standard values of xonotlite (JCPDS n0123)

in terms of pogions (2 theta) of the peak34]. The comparison of the XRD patterns

for three samples clearly shows that there is no change in the characteristic
diffraction peaks of xonotlite nanowire. Thabservation indicates that the host
material remains intact after i@xchange and reduction of ruthenium(lll) ions
without noticeable alteration in the framework lattice or loss in the crystallinity.
There is no observable peak attributable to ruthenianoparticles in Figl8 b and

18c, probably as a result of low ruthenium loading on xonotlite nanowire.

The BET nitrogen adsorption analysis gave the surface area of xonotlite nanowire
and RUX-NW as 72.89 and 69.75°ng' %, respectively. This slight decrease in the
surface area of xonotlite nanowire upon ruthenium loadiag implythe existence

of ruthenium(0) nanoparticles on the surface.
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Figure 19. (a) and (b) SEM images dRU/X-NW in different magnifications(c) SEM-EDX
spectrum of RUX-NW with a 1.37% wtRu loading.

Fig. 19 exhibits the SEM image and SEEDX spectrum ofRU/X-NW with a
ruthenium loading of 1.37% windicating that ruthenium and sodium are the
elements detected in the sample in addition to the framework elements of xonotlite
nanowire (Ca, Si, O). The existence of sodium element in the-BBEKXI spectrum

can be attributed to the fact that the catioassieft by R&" ions upon reduction are
reoccupied by sodium cationsming from sodium borohydrid&{].

Fig. 20 shows the TEM images of xonotlite nanowire aRd’/X-NW with a
ruthenium loading of 1.37% wtaken with different magnifications, which indicate

that (i) highly dispersed ruthenium(0) nanoparticles with particle size in the range
3.6/5.9 nm are formed on the surface of xonotlite nanowire (mean diamete4 . 4 N
0.4 nm in Fig.20 c), (ii) ion-exchange of ruthenium(lll) followed by reduction to
ruthenium(0) causes no change in the framework lattice of the xonotlite nanowire in

agreement with the XRD results.
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Figure 20. (a) TEM image of xonotlite nanowire with the scale bar of 50 nm, (b) TEM image of
RU/X-NW with a ruthenium loading of 1.37% wt. with the scale bar of 20 (enHistogram of
RU/X-NW showing particle size distribution.

The surface composition of BX-NW with a ruthenium loading of 1.37% wt was
also studied by XPS techniqu€he surveyscan Xray photoelectron spectrum of
RU”X-NW given in Fig. 21a shows all the framework elements of xonotlite
nanowire in agreement with the SHBDX result. Highresolution X-ray
photoelectron spectrum of a ®4-NW sample with metal loading of #€wt. Ru
given in Fig.21b shows two prominent bands at 284.4 and 280.9 eV, which can
readily be assigned of ruthenium oxides;3and 3d,,, respectively 109. However,

it is noteavorthy that oxidation of Ru(0) during the XPS sampling procedure is a well
known fact.
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Figure 21. (a) X-ray photoelectron (XPS) spectrum BU/X-NW with a ruthenium loading of
1.37% wt. (b) Ru 3d XPS spectrum BiU”/X-NW with a ruthenium loading of 4.0 % wt.

4.1.1. Catalytic activity of Ru%’X-NW in hydrolytic dehydrogenation of
ammonia borane

Before starting with the investigation on the catalytic activityRof/X-NW in the
hydrolysis of AB, a control experiment was performed to check whether xonotlite
nanowire show any catalytic activity in the hydrolytic dehydrogenation of AB at the
same temperature. In a control experiment starting with 1.0 mmol of AB and 20 mg

of powder of xonotlite nanowire (the same amount as the one used in catalytic
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activity tests) in 10 mL of water at
generation was observed in 1 h at either temperatures. This observation indicates that
the hydrolysisof AB does not occur in the presence of xonotlite nanowire in the
temperature rangesed in this studyRu”’X-NW are found to be highly active
catalyst in the hydrolysis of ARjenerating 3.0 equivalent,lgas per mol of AB in

the same temperature range.
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Figure 22. (a) mol H, /mol H3N.BHzversus time graph depending on the ruthenium concentration in

RUW/X-NW for the hydrolytic dehydrogenatofo AB ( 100 mM) &) The@otd& N 0.

hydrogen generation rate versus tdwncentration of Ru, both in logarithmic scale; In(rate) = 1.05
In[Ru] + 3.48.
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Fig. 22a shows the evolution of equivalent hydrogen per mole of AB versus time
plot for the hydrolytic dehydrogenation of AB (100 mM) usiRg”/X-NW as

catalyst in different riteni um concentration at 25. 0
generation rate was determined from the linear portion of each plot. For all tests a
complete hydrogen release (mal/itHol HsNBH3 = 3) was observed. Fig2b shows

the plot of hydrogen generation rate sugs initial concentration of ruthenium, both

in logarithmic scale, which gives a straight line with a slope of 1.05 indicating that
hydrolysis of AB is first order with respect to the ruthenium concentration.

The turnover frequency (TOF) for hydrogen geien from the hydrolytic
dehydrogenation of AB (100 mM) at 25. 0
hydrogen generation rate in the linear portion of plots given in Eig. for
experiments starting with 100 mM AB pl&a/X-NW with a loading of 1.37% wt

Ru. The TOF value oRU/X-NW catalyst is as high as 135 mir{mol H,/mol Ru

min) in the hydrolytic dehydrogenation of ammahiao r ane at 2. 0 N«
clearly seen fronthe TOF valuesof the reported ruthenin catalysts listed in Table

2 (see chapteB), Ru/X-NW provide comparablecatalytic activityin hydrolysis of

AB.

The catalytic hydrolytic dehydrogenation of ammob@rane was carried out at
various temperature in the range2fi4 0 A C st &u/X-NW oadmg + h
1.3®6 wt. Ru and [Ru] = 0.271 mM) plus 100 mM AB in 10 mL of water. The rate
constants for the hydrogen generation at different temperatures were calculated from
the slope of the linear part of each plot given in EBa and used for the calculation

of activaton@ er gy ( Ea ='%) ffom thE ArthenikisIplotwhich is shown

in Fig. 23. The activation energy for the hydrolytic dehydrogenation of ammonia
borane catalyzed bRU/X-NW is comparable to the literature values reported for

the same reactiomsingother ruthenium catalys{3able 2, see chapte}.3
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Figure 23. (a) The evolution of equivalent hydrogen per mole of AB versus time plot for the
hydrolytic dehydrogenation of AB starting with ®4-NW (0.271 mM Ru) and 100 mMB at
various temperatures. (b) The Arrhenius plot for th& RINW catalyzed hydrolytic dehydrogenation

ofAB.Ink= 19309.91(1/T) + 30.24.
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Figure 24. (a) The evolution of equivalent hydrogen per mole of AB versus tioe for the
hydrolytic dehydrogertin of AB starting with RE/X-NW precatalyst (0.271 mM Ru) and 160M
AB at various temperaturegh) The Arrhenius plot for thén-situ generatedRU/X-NW catalyzed
hydrolytic dehydrogenation of ABInk = -11841.87(1/T) +40.87(c) The Arrhenius plot for

nucleation of ruthenium(0) nanoparticles,kif( = T 1 6 1 6 25, @)ITheTArrheniud glot for
the autocatalytic surface growth of ruthenium(0) nanoparticlég)in(= 1 11365. 7/ T + 36.

The activation energy for the hydrolytic dehydrogenation of AB catalyzeéeufyx -

NW is also compared by the activation energy which was determined byirusityg
generated ruthenium(0) nanoparticles supported on xonotlite nanowire during the
hydrolysisof AB as catalyst. Fig24a shows the evolution of equivalent hydrogen

per mole of AB versus time plot for the hydrolytic dehydrodgiemaof AB starting
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with RU*/X-NW precatalyst (0.271 mM Ru) and 100 mM AB at different
temperatures. Activation energy waetermined by evaluating the temperature
dependent kinetic data preseniadFig. 24. The rate constants for the hydrogen
generation at different temperatures were calculated from the slope of the linear
portion of each plot given in Fig. 24and used fothe calculation of activation
energy (Ea =")%d@n theéArdeniksJplot imoFig. 24. The higher
activation energyor the hydrolytic dehydrogenation of AB catalyzed usingin

situ generated ruthenium(0) nanoparticles supported on xono#itewiremay be
attributed to the aggregation of ruthenium(0) nanoparticles on the surface of

xonotlite nanowire (Fig25).

Figure 25. TEM image ofin situ generated ruthenium(0) nanoparticles supported on xonotlite
nanowire during the hydrolysis of AB at room temperature

All the plots in Fig. 24 curvefit well to the Finké Watzky twostep mechanism,

giving the rate constantg of the slow, continuous nlice at i on, kPfthe Q, an
autocatalytic surface growth, P + Q Y
nanoparticles catalyst from the ruthenium(lll) i@hging the hydrolysief ammonia

borane (see Schemg. The rate constantk; andk,, determinedrom the nonlinear

least squares curvet in Fig. 24a are shown in Table Note that the mathematically

required correction has been madektofor the stoichiometry factoof 369 as

described elsewherd?, but not for the f#Ascaling fact
been made for changing the number of ruthenium atoms on the growing metal

surface. Although there is no observable correlation between the rate cap$bant
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nucleation and the rethan tempeaturebecause of relatively large uncertainty in the

ki values, the rate constakt for autocatalytic surface growth increases with the

increasing reaction temperature

t he
P

Table 5. The rate constants o f
surface growth,

+

sl o

Q

w,
¥

cont i nukepaifthe antocatdlyicat i o n,
2Q for the formation

reduction of ruthenium(lil)ions during the hydrolysis of AB at various temperatures.

Temperature (C) ki (s9) ko(M's?) Ko/ Ky
25 1. 09°N 110 580. 351 N2 3.22*
30 8. 03°N1202° 0.508 N2?6. 32
35 2.68°N3L072° 1. 070 N2 3.98*
40 8. 01*N2L000 2.090 N? 1.57

From the Arrhenius plots constructed by using the values of rate corgtanisk;

at various temperatures in Fig. 24nd d, one can obtain the activation energy E

134 N 7 kJ/ mol

f o=r

ot4h eN n2u cklJe/ antoil o nf oarn dt hEe

growth of ruthenium(0) nanoparticles, respectively. The large value/laf ratio

also given in Tabl& is indicative of the high level kinetic control in the formation of

ruthenium(0) nanoparticles from tmeduction of the precursor ruthenium(lll) ions

on the surface of mawire.

Catalytic lifetime of RX-NW was measured by the total turnover number (TTO)

in the hydrolyticdehydrogenation of AB (Fig. 26A catalyst lifetime experiment

starting with 20 m@RUYX-NW i n

50

mL of solution of AB

minimum TTO value of 134100 turnovers over 166 h in the hydrolytic

dehydrogenation of AB before deactivation of the catalyst/>RNW provide

remarkable TTO value for the hydrolytic dehydrogtton of ammonia borane as

compared to the other reported ruthenicatalysts listed in Table 2 (see chapter 3)

The high activity and long lifetime of nanoparticles catalyst supported on xonotlite

nanowire can be attributed to the strong adsorption dgpaah surface area and

nonporous structure of xonotlite nanowire. After the lifetime experiment the

resulting solution was filtered and no leaching of the ruthenium into the solution was

detected by ICFOES, indicating that ruthenium(0) nanoparticlab s,emain on the

surface of xonotlite nanowire after the lifetimegperiment. As shown in Fig. 26he

observation that the TOF value decreases as the reaction proceeds indicates the

deactivation of ruthenium(0) nanoparticles catalyst. The deactivatiGu’/X-NW
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catalyst can be attributed to a decrease in accessibility of active sites of ruthenium
nanoparticles due to the passivation of metal surface by metaborate ions which
accumulate in solution as the reaction proceeds. In addition, the incredssosity

of the solution as the reaction proceeds might hinder the diffusion of AB, impeding

the collision between AB and catalyst, thusrdasing the catalytic activity [34]

TON (mol Hy/mol Ru)x10°

Figure 26. The variation in turnover number (TONJnd turnover frequency (TOF) during the
catalytic lifetime experiment performed starting with 20 m@/ReNW (ruthenium loading = 1.37%
[ Ru]

wt . Ru,

The catalytic activity of RUX-NW after the fist run was also tested. After the
complete dehydrogenation performed by starting witi )RINW (0.271 mM Ru)
mM AB

reaction solution by centrifugation. The solid materials obtainae vezlispersed in

and

10 mL aqueous solution containing 100 mM AB and a second run of hydrolytic
dehydrogenation of AB was monitored under the same conditions fistitan. As
shown in Fig. 27 the catalytic activity of RUX-NW in the second run does not
differ significantly from the one obtained in the first run. The catalytic activity of the
filtrate solution obtained by centrifugation of the solid materials after the first run of
hydrolysis was also tested in the hydrolysis of AB (100 mM) under the same
conditions. Asshown in Fig.27 the filtrate solution is catalytically silent in
hydrolytic dehydrogenation of AB. This observation supports the conclusion that

there is no leaching of ruthenium into the solution during the hydrolysis
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Figure 27. The evolution of equivalent hydrogen per mole of AB versus time plot for the hydrolytic

dehydrogenation of AB (100 mM) starting with®®NW (0. 271 mM RufP/X-NW ri angl e, &)
isolated after first run and redisperssduare] ) , the filtrate solution obtaine
the solid materials after the first run (circle, 3) a
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CHAPTER 5

Ruthenium(0) Nanoparticles Supported on Hydroxyapatite

HydroxyapatitesCa o(POy)s(OH),, have attracted great interest as a catalyst support
due to their high ion exchange ability, high adsorption capacity and nonporous
structures that reduce the mass transfer limitatidiese unique propertiesf
hydroxypatites encouraged @s use hydroxgpatites as support for ruthenium(0)
nanoparticles irdevelopng highly reusable and long liveditheniumcatalysts in
hydrogen generation from ammonia borane as compared to HdVRGNTs and
RU/X-NW.

5.1.Hydrolytic dehydrogenation of ammonia boranecatalyzed by RJ/HAp

Ruthenium(0) nanoparticles supported on hydroxyapatite \versitu generated
during the hydrolysis of ammonia boranRu’’HAp are prepared by the ien
exchange of RU ions with C4" ions in the lattice of HAp and then reduced by AB
atroom temperature. When AB solution is added to the suspension of hydoxyapatite
containing ruthenium(lll) ions, both reduction of ruthenium(lll) to ruthenium(0) and
hydrogen release from the hydrolysis of AB occur concomitantly. The progress of
ruthenium(Q nanoparticles formation and concomitant hydrolytic dehydrogenation

of ammonia borane was followed by monitoring the change ipréssure.

The ruthenium(0) nanoparticles supported on hydroxyapa&t&/HAp), in situ
formed during the hydrolysis of AB, could be isolated from the reaction solution as
powder by filtration and characterized by KOES, XRD, SEM, EDX, TEM and
XPS techniques. Ruthenium contenfef/HAp was determined by IGPES.
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Figure 28. Powder XRD patterns of (a) hydroxapatite, Raf/HAp with a 3.98%6 wt. Ru loading.

The comparison of the XRD patterns of hydroxyapatite &uYHAp with a
ruthenium loading of 86% wt. Ru, given in Figur&8a and b, respectively, clearly
shows that there is no change in the characteristic diffraction peaks of
hydroxyapatite. This observation indicates that the host material remains intact after
ion-exchange and reduction of ruthenium(lll) ions without noticeable alteration in
the framewdk lattice or lossin the crystallinity There is no observable peak
attributable to ruth@um nanoparticles in Figurg8b, probably as a result of low

ruthenium loading of hydroxyapatite.

Figure 29 exhibits the SEM image and SEEDX spectrum ofRU/HAp with a
ruthenium loading of 3.96% wt. indicating that ruthenium is the only element
detected in the sample in addition to the framework elements of hydroxyapatite (Ca,
P, O).
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Figure 29. a) SEM image (The scale bar is 500 nm), b) SEBX spectrum ofRU/HAp with a
3.96% wt. Ru loading.

Figure 30 shows the TEM images &u”/HAp with a ruthenium loading of 3.96%

wt. taken with different magnifications, which indicate thgt Highly dispersed
ruthenium(0) nanoparticles are formed on the surface of hydroxyapatite with particle

size in the range 3:6.5 nm (mean diameter:4N 0. 7 nm, hi sa ogr am
inset) andi() ion-exchange of ruthenium(lll) followed by reduction to ruthenium(0)

causes no change in the framework lattice of the hydroxyapatite in agreement with

the XRD results.
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Figure 30. TEM images oRU/HAp with a 3.98% wt. Ruloading in different magnifications with the
scale bar of (a) 50 nm and (b) 20 nm and inset: the corresponding histogram for the particle size
distribution.

The composition oRUW/HAp formedin situ during the hydrolysis of AB and the
oxidation state of ruthenium were also studied by XPS technique. The Swamey
XPS spectrum oRU”/HAp with a ruthenim loading of 3.966 wt. (Fig. 3) shows

the presence of rutheniuim addition to the hydroxyapatifeamework elements (Ca,

P, O) in agreement with the SEEDX result. High resolution Xay photoelectron
spectrum of &Uu”/HAp sampe given in the inset of Figul shows two prominent
bands at 284.8 eV and 280.6 eV which can readily be assigned to Rkf@nd

30k, respectively, in the nanoparticles by comparing with the values of ruthenium
metal 285 and 280 eV, respectivedy]. It is noteworthy that the Ru(0) gglpeak at
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284.8 eV overlaps with the C 1s peak at 284.0 eV coming from air with a percent
atomic ratio of 9.29 (C 1s /Ru 3decause of this overlap, lgnthe peak at 280.6
eV can with certainty be assigned to Ru(0y3d
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Figure 31 X-ray photoelectron (XPS) spectrum Bi’/HAp sample with ruthenium loading of
3.96% wt. Ru. The inset gives the high resolution scardandnvolution of Ru 3d bands.

5.2. Catalytic activity of Ru%HAp in hydrolytic dehydrogenation of ammonia
borane

A control experiment was performed to check whether hydroxyapatites show any
catalytic activity in the hydrolysis of AB before starting the investigation on the
catalytic activity ofRUYHApP. In a control experiment starting with 1.0 mmol AB

and 10 mg power of hydroxyapatite (the same amount as the one used in catalytic
activity tests) in 10 mL water at 25. 0
generation was observed in 1 h at both temperatures. This observation indicates that
the hydrolysis of AB doesiot occur in the presence of hydroxyapatite in the

temperature range used in this study.
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Figure 32. Plot of mol H, /mol HsN.BH3 versus time for the hydrolytic dehydrogenation of B0
mM) starting with R&"/HAp precatalys{ 0. 784 mM Ru) with different rutheni
0.1 AC.

Ruthenium(0) nanoparticles supported on hydroxyap&it¥HAp, are found to be
highly active catalyst in the hydrolysis of ammonia borane generating 3.0 equivalent
H, gas per mol of AB inthe same temperature range. Expectedly, the catalytic
activity depends on the ruthenium loading of catalyst materials. A series of
experiments were performed starting with 10 mL solution of 200 mM AB and 0.784
mM Ru usingRu**/HAp sample with various rutiméum loadirg (1.00, 2.00, 2.93,
3.96, 7.906 wt. Ru) in appropriate amount to provide the same ruthenium
concentration in all of the experiments. FigB&shows the evolution of equivalent
hydrogen per mole of AB versus time plot for the hydrolytic dehyeination of AB

(100 mM) starting withRU:**/HAp precatalyst (0.784 mM Ru) with different
rut heni um | oa dC. Algthe plbts iR FiguréB2 chirvedit wall to the
two-step mechanism, giving the rate const&nisf the slow, continuous nucleation,

P Y Qkoandhe autocatalytic surface growth, f
ruthenium(0) nanoparticles catalyst from the ruthenium(lll) ions during the

hydrolysis ofammonia borane (Tab) [110.

The catalytic activity ofn situ generatedRUu”’HAp, measured as turnover frequency

(TOF) in the hydrolytic de°,)showovgratomt i on of
with the ruthenium loading (Tablé). The Ru/HAp samplewith ruthenium loading

of 3.98% wt. Ru provides the highest catalytic activity in hydrogen generation from
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study.

Table 6. Therate constantk; o f
gr owt h,

sur face

the sl ow,

P+

Q Y 2Q

for t

hydrol ysi s °@ Ther&f@eRe HAp ZdalygtwitiNruti@eniuin

loading of 3.966 wt. was used in all of the further expeents performed in this

cont i n ukeafthe antocatdlydcat i on ,
he formation
ruthenium(lll) ions during the hydrolysis of AB (100 mM) starting wiRu”’HAp with different

ruthenium loading (0.784 mM Ru) and the turnover frequency (TOF) of hydrogen generation from the

catalytic hydrol yGis of AB at 25.0 N 0.1
Ru loading of HAp ki (s ko(M™sh TOF (min™)
(% wt Ru)

1.00 . 7 2°NI21 @™ 0.698N2.51 10 83

2.00 1 3*Ni11 6> 0.863N 2 .19 118

2.93 1 9%Ni11 8> 0.847N 3 1 112

3.96 . 20*NI31 0 0.915N 4 19D 123

7.90 . 01*Ni21 ®#® 059N 2 1D 84

mol H_/ mol NH_BH,

o}
A

1O

[Ru] (mM)
0.196 mM
0.392 mM
0.784 mM
1.176 mM

Time (min)

63

P L et S ) O, S S S L |
8 10 12 14 16 18 20 22 24

0



(b) ..

2.8 -

2.4 -

In rate

2.0 -

1.6 -

: . —
18 45 12 09 06 03 00 03
In [Ru]

Figure 33. (a) mol H /mol HsN.BH;3 versus time graph depending on the ruthenium concentration in N
RU/HApf or the hydrolysis of AB (100 mM) at 25. 0 N 0.1
rate versus the concentration of Ru, both in logarithmic sketate) = 0.99n[Ru] + 2.86.

Figure 3& shows the plots of equivalent ldas generated per mole ogNBH3

versus time during the catalytic hydrolysis of 100 mM AB solution uRGYHAp
with a | oading of 3.96% wt. Ru in different
In each experiment, hydrogen evolution starts after a short induction period of less

than 6 minutes and continues almost linearly until the completeecsion of the

substrate givin@.0 equivalents of FHper mole of AB. All the experimental data fit

well to sigmoidal curve according to the tstep mechanism, which provides the

rate consnts k; o f the sl ow, continuotwksof thauc!|l eati on,
autocatalytic surface growth, P + Q Y 2Q f
nanoparticles catalyst from the ruthenium(lll) ions during the Hysikoof ammonia

borane (Table)7[110. Although it is not possible to get a direct correlation between

the rate constard for nucleation and the catalyst concentration, the rate corstant

for surface growth decreases with the increasing concentration of rutherinem.

hydrogen generation rate was determined from the linear portion of eatcin pl

Figure 3& and plotted versus the initial concentration of ruthenium, both in

logarithmic sca, in Figure33b, which gives straight line with a slope of 0.95

indicating that the catalytic hydrolysis of AB is first order with respect to the

ruthenium concentratiorl he turnover frequency for hydrogen generation from the

hydrolysis of AB (1000 mM)a2 5. 0 N 0.1 AC was determined f
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generation rate in the linear portion of plots given in FigdBefor experiments

starting with 100 mM AB plufRU/HAp with a loading of 3.9% wt. Ru. The TOF

value of RUYHAp catalyst is as high as 137 rifmol Hy mol Ru.min) in the
hydrolytic dehydrogenation of ammonia bo
reported ruthenium catalysts used in hydrolytic dehydrogenation of ammonia borane

are listed in Tabl@ (see chapter 3pr comparison.

Table 7. Therate constants o f t he sl ow, cont i n ukeadfthe antocatdlydcat i on,

surface growt h, P + Q Y 2Q for the formation of
ruthenium(lll) ions during the hydrolysis of AB at various concentration of ruthenium.

[Ru] (MM) ki (s ko (M~'s™)
0.196 4 . 6 7°NI4 x10° 1.05N 2 19D

0.392 . 3 3°Ni31 ®° 089N 2 19

N

0.784 4. 6 2°N91 8”7 0728 2 1D

1.176 4. 5 7°NI51 ®B° 053N 119

We have carried out the ruthenium nanoparticle formation experiments at various
temperature in order to estimate the activation energies for the nucleation and
autocatalytic surface growth of ruthenium(O)noparticles catalyst. Figure 84

shows the evolution of equivalent hydrogen per mole of AB versus time plot for the
hydrolytic dehydrogenation of AB starting wifRu>*/HAp precatalyst (0.392 mM

Ru) and 100 mM at five different temperatures. For each temperature, experimental
data curvdit well to the twastep mechanism, giving the rate constdatef the

sl ow, conti nuous k ofthe autdaialgtio surfage gréwtrQP + a n d
Q Y 2Q for t he formati on of rut heni um(
ruthenium(lll) ions duringhe hydrolysis of ammonia borafi€able8) [11(. From

the Arrhenius plots constructed by using the values of rate congiaartsl k, at

various temperatures in FiguBdb and c, one can obtain the activation endtgy

166 N 7 kJ/ mol fEgr 5t9h eN n2u cklJe/antoilo nf oarn dt h e
growth of ruthenium(0) nanoparticles, respectively. It is noteworthy thakithe

values have much higher uncertainty compared tdihalues.
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Table 8. The rate constants o f t h
surface growt h, P + Q Y 2Q for the formation
reduction of ruthenium(lll) ions during the hydrolysis of AB at various temperatures.

Temperature (C) ki (s?) ko (M™'s?) Kz /Ky
20 5831 TWN7.4"70.655 K. 1.12°
25 2.37°NB18P7 0.888 N:3.75°
30 1.05°N18°1.49 N2 1.42
35 7.85°NL18°>2.02 N?0.26°
40 5.01*Nb18°2.43 N*O0.49

Activation energy for the hydrolytic dehydrogenation ofnamnia borane catalyzed

by RUP/HAp could be determined by evaluating the temperature dependetit kine
data presented in Figure &4The rate constants for the hydrogen generation at
different temperature were calculated from the slope of linear pasti@ach plot

given in Figure 34 and used for the calculation of activation enefgy=( 58 N 2
kJ/mol) from the Arrhenius plot in igure 34l. The activation energy for the
hydrolytic dehydrogenation of ammonia borane catalyzed Ry/HAp is
comparable to the literature values reported for the other ruthenium cataljfsts

same reaction (Table 2, see chapjer 3

D
'

mol H,/ mol NH_BH,

B
= waoRO
| R | FIFT) SO0ty FCSPER. P VT covem [ R oo, NV FORRR SRR PYTRL PTG FEON SN NSRS SRR PR
0 2 4 6 8 10 12 14 16 18 20 22 24
Time (min)
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hydrolysis of AB. After he completion of hydrogen generation from the hydrolysis

of AB starting with 0.567 mM RU/HAp plus 100 mM AB in 10 mL aqueous
solution at 25.0 N 0.1 AC, the catalyst
water and drying under vacuum (10 or r ) at 80 AC. The whol
were weighed and then redispersed in 10 mL solution containing 100 mM AB and a
second run of hydrolysis was started immediately and continued until the completion

of hydrogen evolution. This was repeated fiveesn Fig 35 shows the percentage

of initial catalytic activity ofRUYHAp in the subsequent catalytic hydrolysis of 100

mM ammonia borane performed by using the catalyst isolated after the previous run

of hydrolysis at 25. 0 alad§ beén taked into achoent ma t e
in calculating the activity in each run during the isolation and redispersion processes.

The reusability tests reveal thAt’’HAp are still active in the subsequent runs of
hydrolytic dehydrogenation of AB providing 100%rwersion,i.e. a release of 3.0
equivalent H per mole of NHBH;. After the fifth run hydrolytic dehydrogenation of

AB, RU’/HAp preserve 92% of their initial catalytic activity.

W4r—1T——7——F—"—"——T1 11—
] oo O O OO | 440

o 754 VY oo =
) O 120 €
h ol b D | E
5 60 " 100 S
" O : e
© 454 o EII:] O TON 80 g
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T 304 I T
° I L40 ©
E 5{ 0% i £
= E v \Av; \Vavs - 20 Lc|5
2 of H VVW v vwwl, P
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Time (h)

Figure 36. The variation in turnover number (TON) and turnover frequency (TOF) during the
catalytic lifetime experiment performed starting with 20 Rig/HAp (ruthenium loading = 3.9
wt. Ru, and [Ru] = 0.784 mM) in 100 mL solution ¢

Catalytic lifetime of RUHAp was determined by measuring the total turnover
number (TTO) in the hydrolysis of ammonia borane. A catalyst lifetime experiment

was performed starting with 20 nRL’/HAp (ruthenium loading = 3.96 wt. Ru,

and [Ru]=0.784mM) n 100 mL solution of36#&éysat 25.
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the variation in turnover number (TON) and turnover frequency (TOF) in the course
of reaction. The TOF value decreases expectedly as the ruthenium(0) nanoparticles
catalysts are deactivated durithge lifetime experiment. Ruthenium(0) nanopatrticles
supported on hydroxyapatite provide minimum 87000 turnovers over 202 h in the
hydrol ysis of ABredenactiaidh ofGhe Shtal9st (4€Ealle2 inb e f o

chapter Jor the comparison of the TTO values of the reported ruthenium catalysts).
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CHAPTER 6

Ruthenium(0) Nanoparticles Supported orMagnetic SilicaCoated

Cobalt-Ferrite

Recently, much attention has been paid to the magnetically recovestalgsts in

liquid phase reactions due to their easy magnetic separation making the recovery of
catalysts much easier than by filtration and centrifugation.this study, we
developed magnetically separable and highly reusi{®) NPs supported ailica

coated cobalt ferriteRu”/SiO,-CoFe0,) as catalysin hydrogen generation from
hydrolysis ofammonia borane. Silica was used to protect the magnetic core material
againstthe chemical attack by reaction soluti@aching and agglomeration atul

provide high surface area fetabilization ofthe ruthenium nanoparticles.

6.1 Hydrolytic dehydrogenation of ammonia borane catalyzed by Ru%/SiO,-
CoFe04

Ruthenium(0) nanoparticles supported on magnetic sibedied cobalt ferrite were
in situ generated from the reduction of Ri$i0,-CoFeO, during the catalytic
hydrolysis of AB. Ruthenium(lll) ions were first impregnated on S8oFeO,
from the aqueous solution of ruthenium(lll) chloride yielding*#®iO,-CoFe0,
and then reduced by ABt aoom temperature. When AB solution is added to the
suspension of R{¥SiO--CoFeQ,, both reduction of ruthenium(lll) to ruthenium(0)

and hydrogen release from the hydrolysis of AB occur concomitantly.

Ruthenium(0) nanoparticles supported on magnetic sibieded cobalt ferrite,
RU/SiO-CoFe0,, in situ generated durinthe hydrolysis of AB, could be isolated
from the reaction solutioas powder by using a permanent magnet and characterized
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by ICROES, XRD, TEM, TEM-EDX, and XPS techniques. Ruthenium conteit
RUY/SiO»-CoFe0, was determined by IGPES.

XRD pattern ofRu**/SiO»-CoFe0, and RUY/SiO,-CoFe0, in Fig. 37b and ¢ give
peaks at 30%35.8? 43.?3 57.4%and 62.§assigned to the (220), (311), (400), (511)
and (440)diffractions of SiO,-CoFeQ,, respetively (PDF Card #22086). The
comparison of the XRD patterns of $iOoFeQs RU*/SiO.-CoFeO, and
RU/SiO»-CoFe0, with a ruthenium loading of 1.96 wt. Ru, given in Fig 37ai c,
respectively, clearly shows that there is no change in the characteristic diffraction
peaks of silicacoated cobalt ferrite, (SBCoFeQ,). This observation indicates that
the host material remains intact after impregnation and reducf RU* ions
without noticeable alteration in the framework lattice or loss in the crystallinity.
There is no observable peak attributable thenium nanoparticles in Fig. BAnd

c, probably as a result of low ruthenium loading of sitcatedcobalt ferrite

nanoparticles.

(b)

(311)

(220)

(a)

L L L AL AL L I L I L L AL A
16 20 25 30 35 40 45 50 55 60 65 70
2 Theta (deg.)

Figure 37. Powder XRD patterns of (a) silieated cobalt ferrite, (bRU**/SiO,-CoFg0O, and (c)
RU/Si0,-CoFe0,, in situgenerated during the hydrolysis of AB, wikt96% wt. Ru loading.

Fig. 38 shows the TEM images of silicated cobalt ferrite and R8i0,-CoFeO.
with a 1.966 wt. Ru loading taken with different magnifications. The size of,SiO
CoFeQO,4 nanoparticles used asipport is around 15 nm (Fig. 8&nd b) and highly
dispersed ruthemm nanoparticles are formed on the sHemmtedcobalt ferrite (Fig.

38d) as seen from the ewarison of the images in Fig. 3&nd d taken from the
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area ndicated with an arrow in Fig. 88and c, respégely. TEM-EDX spectrum

(Fig. 3&) taken from th&ku”/SiO-CoFeO, shown in Fig. 38 andd indicates that
ruthenium is the only element detected in the sample in addition to the framework
elements of silicacoated cobalt ferrite (Si, O, Co, Fe).

The composition of RUSiO»--CoFeO, formedin situ during the hydrolysis of AB
and the oxidation state of rutheniwso studied by XPS technique. The surgegn
XPS spectrum of RUSiO,-CoFeO, with 1.96% wt. Ru loading (Fig3%a) shows all
the framework elements of ruthenium(0) nanoparticles supporntedagnetic silica
coated cobalt ferrite in agreement with the THIX result. High resolution Xay
photoelectron spectrum of a #8i0,-CoFe0, sample given in Fig. 3®shows two
prominent bands at 484.9 eV and 462.5 eV which can readily be assigneOjo R
3pi2and 3p),, respectively111].
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Figure 38 TEM images of silicecoated cobalt ferrite with the scale bar of (a) 10 (bh,5 nm and
TEM images of RUSIO,-CoFeO, with 1.96% wt. Ru loading with the scale bar of (c) 10 nm, (d) 5
nm and (e) TEMEDX spectrum of RUSiO,-CoFgO,.
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(b) Ru3p ;,
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Figure 39. (a) X-ray photoelectron (XPS) spectrum of F&iO,-CoFe0, sample with 1.96% wiRu
loading, (b) The high resolution scan Ru 3p bands.

6.2 Catalytic activity of Ru%SiO,-CoFe0,4 in hydrolytic dehydrogenation of
ammonia borane

Before starting with the investigation on the catalytic activityraf/SiO,-CoFeO,

in the hydrolysis of AB, a control experiment was performed to check whgiber
CoFeQ,4 shows any catalytic activity in the hydrolysis of AB at temperatures in the
range 2540 'C. In a control experiment starting with 1.0 mmol of AB and 10 mg of
powder ¢ SiO,-CoFeO, (the same amount as the one used in catalytic activity tests)
in 10 mL of water, no hydrogen generation was obsemel h. This observation
indicates that the hydrolysis of AB does not occur in the presensEOgiCoFeO,

in the temperate range used in this study. On the other hand, ruthenium(0)
nanoparticles supported on magnetic sitcated cobalt ferrite are highly active
catalyst in the hydrolysis of ammori@rane generating 3.0 equivalent ¢ths per

mol of AB.

Fig. 40a shows thelots of equivalent klgas generated per mole ofMBH3 versus
time during the catalytic hydrolysis of 100 mM AB solution starting i&tf/SiO.-
CoFeO,4 with 1.98% wt. Ru loading in differentcatplst concentrati on

'C. In each experimenhydrogen evolution starts aftershort induction period of
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less than 12 min and continues almost linearly until the complete conversion of the

substrate giving 3.0 equivalents of per mole of AB. All the experimental data fit

well to sigmoidal curve aceding to the twestep mechanism, which provides the

rate constantk; of the slow,cont i nuous nucl e ktof then , P Y Q,
autocatalytic surface growth, P + Q Y 2Q f
nanoparticles catalyst from the ruthenium(lll) ionsidg the hydrolysis chmmonia

borane (Table 9[117. The rate constark; for nucleation increases while the rate

constantk, for surface growth decreasesgith the increasing concentratioof

ruthenium as seen in Table 9

[Ru] mM

mol Hzl mol H:’NBH3
o

10 © 0.097 mM

| B 0.194 mM

o6 | A 0.291 mM

= © 0.388mM

0.0 - B
(I] 4|1- I Ell l1|2I1|6l2|DI2'4I2|8I3'2I3I6
Time (min)

(b)
2
1]
[
A=

2.4 -2.1 -1.8 1.5 -1.2 -0.9
In [Ru]

Figure 40. (a) mol H/mol HsNBH; versus time grapldepending on the ruthenium ammtration in

RUW/SiO-CoFeO,f or the hydrolysis of'C fBThd fobdf hydidgen a t 25. 0 N
generation rate versus the concentration of Ru, botbgarithmic scale; Infate) = 0.62 In[Ru] +

2.98.
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Table 9.The rate constants o f t he sl ow, cont i nukaf the autacatdlygicat i on,
surface growt h, P + Q Y 2Q for the formation of
ruthenium(lll) ions during the hydrolysis of AB at various concentration of ruthenium.

[Ru] mM ki (s7) ko (M™s™) Induction TOF (min™)
time (s)
0.097 120x10°N1. 15 165N 3x1d°: 720 172.5
0.194 6.95x10°N8. 73 141N 4x1®¢ 240 143.54
0291 9.70x1°N1. 124 119N 3x10°: 120 119.62
0.388 152x10'N2. 02 098N 3x1®: 60 100.48

The hydrogen generation rate was determined from the lpggton of each plot in

Fig. 40a and plotted versus the initial concentration of ruthenium, both in
logarithmic scale, in Fig. 40) which gives a straight line with a slope of 0.62
indicating thatthe catalytic hydrolysis of AB is 0.6 order with respect to the
ruthenium concentration. The turnover fweqcy values, shown in Table for
hydrogen generation from the hycdweel ysi s
determined from the hydrogen geneasatrate in the linear pbon of plots given in

Fig. 40 for experiments starting with 100 mM AB pl&s//SiO,-CoFeQ, with

1966 wt . Ru |l oading in vari olCslismoteworihyn cent r
that the rate constam correlates well with the induction period while the rate
constantk, correlates with the rate of hydrogen generation ftbm hydrolysis of
ammoniaborane[42]. The rate constark; for the slow, continuous nucleation is
inversely proportional to the induction period as seen ffatile 9 The rate constant

ko for the surface growth of ruthem(0) nanoparticles increases as the TOF value.

The TOF value is as higas 172 mih* (mol H./mol Ru min). TOF values of the
ruthenium catalysts used in hydrolysisamimoniaborane in the literaterare listed

in Table2 (see chapter 3dr conparison.
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Table 10. The rate constantsof t he sl ow, cont i n uwkoofitise autacayitie at i on, P Y
surface growt h, P + Q Y 2Q for the formation of rus
reduction of ruthenium(lll) ions during the hydrolysis of AB at various temperatures

Temperature (C) ki (9 ko(M™sH ko / ks
25 6. 95°NI B0 7°1. 41 N “ 2. 0731
30 9.33°N 110 0622.32 N * 2. 48"
35 2. 25N BQ 1°23. 01 N * 1.34%
40 6. 39°NI 70 8°73.88&. N8' 6. 06

Fig. 41a shows the evolution of equivalent hydrogen per mole of AB versus time
plot for the hydrolysis starting witRu**/SiO,-CoFeO, precatalyst (0.194 mM Ru)
and 100 mM AB at four different temperatures. For each temperatperimental
datacurvefit well to the 2step mechanism, giving the rate constéatsf the slow,
continuous nuclkeaft itomg &utYoocyt aalnydt i ¢ surface
2Q for the formation of ruthenium(®anoparticles catalyst from tmathenium(lll)

ions during the hydrolysis of ammoriarane (Table 10 The large value odiu/k;

ratio (Table 1] is indicative of the high level kinetic control in the formation of
ruthenium(0) nanoparticles from the reduction of the precursor ruthemhium is

on the surface of silicaoated cobalt fertie [110. From the Arrhenius plots
constructed by using the values of rate constardaadk, at various temperatures in
Fig. 41b and c, respectively, one can obtain the activation energy EL 7 BJ/mill

for the nucleation and .E 5IN2 kJ/mol for the autocatalytic surface growof
ruthenium(0) nanoparticles, which were comparabld whe valuedisted in Table

11.

Activation energy for the hydrolysis of ammortimrane catalyzed bRUY/SiO.-
CoFeQ, could be determined by evaluating the temperature depenaetickilata
presented in Fig. 4l Therate constants for the hydrogen generaatulifferent
temperéure were calculated from the slope of linear portion of eachgien in
Fig. 41la and used for the calculation of activation energy=(Eaf %Nmol) fran
the Arrhenius plot in Fig. 41 The activation energy for the hydrolysis of ammenia
borane catalyzed byRUY/SiO,-CoFeO, is comparable to the literature values

reported for the other ruthenium catadjis the sameeaaction (Table 2 in chapte}.3
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