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Abstract of Thesis 

It can be pl ausi bl y argued that much of  our modern- day soci ety i s hi ghl y dependent on heterogeneous catal ysi s 
(a form of  catal ysi s where the catal ysts and reactants have di f f erent phases) .  Its i mpact ranges f rom the 
f i el d of  pharmaceuti cal s to al ternati ve energy and envi ronmental  appl i cati ons.  However,  the tradi ti onal  
experi mental  techni ques i n di scoveri ng catal ysts f or parti cul ar reacti ons i nvol ve tri al - and-error methods 
that are ti me-consumi ng,  costl y and do not guarantee success.  On the other hand,  modern theoreti cal  techni ques 
use state- of - the-art computati onal  methods at the mol ecul ar and catal yst l evel s to screen the best catal ysts.  
Thus,  i t i s now possi bl e to theoreti cal l y screen for potenti al l y acti ve catal yti c materi al s and rati onal l y 
desi gn catal ysts that promote the desi red catal yti c acti vi ty.  

engi neer on the atomi c-scal e the desi red catal ysts f or vari ous heterogeneous reacti ons.  Thi s empl oys densi ty 
functi onal  theory (DFT)  cal cul ati ons at the mol ecul ar l evel ,  coupl ed wi th ki neti c Monte Carl o ( KMC)  method 
at the catal yst l evel .  In the RCD approach,  the reacti on mechani sm of  a catal yti c reacti on on a conventi onal  
catal yst i s f i rst bui l t.  A conventi onal  catal yst i s def i ned to be the materi al  that i s commonl y used i n 
experi ments and i s known to be catal yti cal l y acti ve f or a parti cul ar reacti on of  i nterest.  The reacti on 
mechani sm i denti f i es the rel evant f eatures of  the el ementary steps that compri se the overal l  reacti on such 
as the rate- determi ni ng steps and exothermi ci ty of  i ntermedi ate reacti ons.  From here,  desi gn pri nci pl es are 
generated to gui de the modi f i cati on of  the conventi onal  catal yst i nto a new catal yst that promotes the desi red 
reacti on.  

Thi s approach was used to desi gn catal ysts f or two oxi dati on reacti ons of  outstandi ng si gni f i cance and of  
di f f erent si mul ati on envi ronments.  The f i rst one i s an el ectro- oxi dati on reacti on of  aqueous phase ani on whi ch 
i nvol ves the transfer of  el ectrons to the el ectrode whi l e the other i s an oxi dati on reacti on of  a gas phase 
mol ecul e on the surface.  The f ormer requi res the treatment of  an aqueous envi ronment that takes i nto 
consi derati on the ef f ect of  el ectrode potenti al  and f ree energi es of  aqueous phase mol ecul es.  The l atter 
requi res the si mul ati on of  gas- surface reacti on ki neti cs to i denti fy the rate-determi ni ng el ementary steps 
and to take i nto consi derati on the ef f ect of  i ndustri al l y rel evant parameters such as pressure and temperature.
In parti cul ar,  thi s di ssertati on presents the i ntegrati on of  several  studi es on the el ectro- oxi dati on of  
borohydri de and oxi dati on of  ni tri c oxi de.   

Borohydri de el ectro- oxi dati on.  Usi ng Au and Pt as conventi onal  catal ysts,  i t was f ound that borohydri de adsorbs 
weakl y on Au and di ssoci ati vel y on Pt.  Thi s expl ai ns the experi mental  observati on that borohydri de 
el ectro- oxi di zes on Au at hi gh overpotenti al  and that hydrogen evol uti on reacti on i s faci l e on Pt.  Reacti on 
mechani sms on these conventi onal  catal ysts poi nt to the possi bi l i ty of  al l oyi ng Au wi th 3d transi ti on metal s 
( f i rst row i n the peri odi c tabl e) .  It was f ound that on pure Au,  the i ni ti al  oxi dati ve adsorpti on of  borohydri de 
i s the l east exothermi c among the el ementary reacti ons consi dered f or the compl ete ei ght- el ectron oxi dati on 
process.  Interesti ngl y,  Au- 3d metal  al l oy surfaces promote thi s oxi dati on step at l ower el ectrode potenti al  
compared to pure Au due the enhanced stabi l i ty of  borohydri de on these al l oy surfaces.  The most negati ve 
borohydri de oxi dati on potenti al  i s achi eved by 3d = Co,  f ol l owed by Fe,  Ni ,  Mn and Cr i n order of  i ncreasi ng 



el ectrode potenti al .  Subsequent to the i ni ti al  oxi dati ve adsorpti on of  borohydri de,  the dehydrogenati on of  
el ementary speci es such as BH3

*,  BH2OH*,  and BH( OH) 2
* are endothermi c on pure Au at very l ow potenti al s.  However,  

these acti vated and possi bl y l i mi ti ng el ementary reacti on steps are more exothermi c on Au-3d al l oys than on 
pure Au.  Fol l owi ng the adsorpti on of  borohydri de on the surface,  al l  el ementary react i on steps f or the compl ete 
el ectro- oxi dati on process proceed downhi l l  i n energy at l ower el ectrode potenti al  on Au-3d al l oys than on 
pure Au.  

Ni tri c oxi de oxi dati on.  KMC si mul ati ons of  the oxi dati on of  ni tri c oxi de shows that the overal l  oxi dati on 
proceeds vi a the El ey- Ri deal  mechani sm wi th O2 di ssoci ati ve adsorpti on as the rate-determi ni ng step.  The 
oxi dati on path vi a the Langmui r-Hi nshel wood mechani sm i s very sl ow ( l argel y acti vated and endothermi c)  and 
does not si gni f i cantl y contri bute to the overal l  reacti on.  Thi s i ntri nsi c endothermi ci ty of  ni tri c oxi de 
oxi dati on on the surf ace i s due to the strong Pt O bond.  Consi deri ng the previ ous knowl edge that Pt overl ayer 
on 3d transi ti on metal s show weaker bi ndi ng for O compared to pure Pt because of  the downward shi f t i n the 
Pt d-band of  the bi metal l i c systems,  and that di ssoci ati ve adsorpti on of  O2 gas has l ow acti vati on barri er 
on these bi metal l i c systems due to the i mportant rol e pl ayed by the i nduced spi n-pol ari zati on of  the Pt d- states,  
i t i s reasonabl e to repl ace the l ower l ayers of  Pt wi th rel ati vel y i nexpensi ve 3d transi ti on metal s to achi eve 
the desi red reacti on f or ni tri c oxi de oxi dati on.  Indeed,  i t was f ound that the Pt pseudomorphi c monol ayer 
on 3d transi ti on metal s promotes a thermodynami cal l y and ki neti cal l y f avorabl e oxi dati on of  ni tri c oxi de 
compared to pure Pt.  Such resul ts are attri buted to the weaker bi ndi ng of  O and NO on the bi metal l i c surf aces 
and the change i n the bi ndi ng conf i gurati on of  NO2 i nto a structure that promotes easi er N O bond f ormati on.  

Despi te the outstandi ng achi evement of  f i rst -pri nci pl es cal cul ati ons to rati onal l y desi gn heterogeneous 
catal ysts,  there are many remai ni ng chal l enges that conti nue to f orm an acti ve and exci ti ng f i el d of  research 
for theoreti ci ans.  These i ncl ude among others,  a dynami cal  approach to the el ectri c doubl e l ayer that si mul ates 
the dynami c feature of  the charged metal / aqueous i nterfaces and the i mprovement of  the predi cti ve power of  
f i rst-pri nci pl es KMC.  
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