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Abstract of Thesis

It canbe plausibly argued that much of our nodern-day society is highl y dependent on heterogeneous catal ysis
(a formof catalysis vhere the catal ysts and reactants have different phases). Its inpact ranges fromthe
field of pharnaceuticals to alternative energy and environnental applications. Hwever, the traditional
experinental techn ques in discovering catal ysts for particular reactions involve trial - and-error nethods
that are tine-consumng, costly and do not guarantee success. (hthe other hand, nodern theoretical techni ques
use state-of -the-art conputational nethods at the nolecul ar and catal yst level s to screen the best catal ysts.
Thus, it is nowpossible to theoretically screen for potentially active catal ytic materials and rationally
design catalysts that promote the desired catalytic activity.

In this dissertation, an approach to “rational catalyst design” (RCD) is presented which aims to theoretically
engineer on the atomc-scal e the desired catal ysts for various heterogeneous reactions. This enml oys density
functional theory (IFD calculations at the nolecul ar level, coupled with kinetic Mnte Girlo (KMD nethod
at the catalyst level. In the RMapproach, the reaction nechani smof a catalytic reaction on a conventional
catalyst is first built. A conventional catalyst is defined to be the naterial that is commonly used in

experinents and is known to be catalytically active for a particular reaction of interest. The reaction

nechani smidentifies the relevant features of the elenentary steps that conprise the overall reaction such
as the rate-determning steps and exothermcity of internediate reactions. Fromhere, design principles are
generated to gui de the nodification of the conventional catal yst into a newcatal yst that pronotes the desired

reaction.

This approach vas used to design catalysts for tvo oxidation reactions of outstanding significance and of
different sinul ation environnents. The first oneis anelectro-oxidationreaction of aqueous phase ani on vhich
invol ves the transfer of electrons to the electrode vhile the other is an oxidation reaction of a gas phase
nolecule on the surface. The former requires the treatnent of an aqueous environnent that takes into
consideration the effect of electrode potential and free energies of aqueous phase molecules. The latter
requires the similation of gas-surface reaction kinetics to identify the rate- determning el enentary steps
and to take into considerationthe effect of industrially rel evant paraneters such as pressure and tenperature.
In particular, this dissertation presents the integration of several studies on the electro-oxidation of
borohydride and oxidation of nitric oxide.

Borohydride el ectro- oxi dation. 1sing Auand Pt as conventional catal ysts, it vas found that borohydri de adsorbs
veakly on Au and dissociatively on Pt. This explains the experinental observation that borohydride
electro-oxidizes on Au at high overpotential and that hydrogen evol ution reactionis facile on Bt. Reaction
nechani sns on these conventional catal ysts point to the possibility of alloying Auwth 3d transition netals
(first rowinthe periodic table). It was found that onpure An, the initial oxidative adsorptionof borohydride
is the least exothermc anong the el enentary reactions considered for the conpl ete eight-el ectron oxidation
process. Interestingly, Au-3d netal alloy surfaces pronote this oxidation step at lower el ectrode potential
conpared to pure Au due the enhanced stability of borohydride on these alloy surfaces. The nost negative
borohydride oxidation potential is achieved by 3d = (b, followed by Fe, N, Mh and G- in order of increasing




electrode potential. Subsequent to the initial oxidative adsorption of borohydride, the dehydrogenation of
el enent ary species such as B}, BE(H, and BH(H, are endothermc on pure Au at very lowpotentials. Hwever,

these activated and possibly limting el enentary reaction steps are more exothermc on Au-3d alloys than on
pure Ai Followi ng the adsorption of borohydride onthe surface, all el enentary reactionsteps for the conplete
el ectro-oxi dation process proceed downhill in energy at lower electrode potential on Au-3d alloys than on
pure Au

Ntric oxide oxidation. KMC simul ations of the oxidation of nitric oxide shows that the overall oxidation
proceeds via the Hey-Rdeal nechanismwith O dissociative adsorption as the rate-determning step. The

oxidation path via the Langmi r- H nshel wood nechani smis very slow (largely activated and endothermc) and
does not significantly contribute to the overall reaction. This intrinsic endothermcity of nitric oxide
oxidation on the surface is due to the strong Pt-Obond. (bnsidering the previous knowt edge that Pt overl ayer
on 3d transition netals showweaker binding for Oconpared to pure Pt because of the dowward shift in the
P d-band of the binetallic systens, and that dissociative adsorption of O, gas has low activation barrier
onthese binetallic systens due to the i nportant rol e pl ayed by the i nduced spi n- pol arizationof the it d-states,
it is reasonable to replace the lover layers of Pt with rel atively i nexpensive 3d transition netals to achieve
the desired reaction for nitric oxide oxidation. Indeed, it was found that the & pseudonorphic nonol ayer
on 3d transition netals pronotes a thernodynamcally and kinetically favorable oxidation of nmitric oxide
conpared to pure Pt. Such results are attributed to the weaker binding of Oand NDon the binetallic surfaces
and the change in the binding configuration of NJ, into a structure that pronotes easier NObond fornation

Iespite the outstandi ng achievenent of first-principles calculations to rationally design heterogeneous
catal ysts, there are nany renaini ng challenges that continue to forman active and exciting field of research
for theoreticians. These 1ncl ude anong others, a dynamcal approachto the el ectric doubl e 1 ayer that simil ates
the dynamc feature of the charged netal/aqueous interfaces and the inprovenent of the predictive pover of
first-principles RMC




A7

K 4 ( Ryan Lacdao Arevalo)

(%) K Ed

¥ & Bz I FH

MXELEYE |8 & Bz A RS
Bl & Hiz NEREE =S

Bl & Hiz ST Ad

MXFEEORBROEE

4 B OFEEMS T, R RAERS (b & SSHE O MR 5 508) B CEETH S LWV o> THEBE T
1720, I AR RV F—OREICE UOMEIOBRS £ CIRJA W05 TR — R RSIRER & T 5,
LA LZRA 5, HEROFBATHRA AR 0 K F ERIC X 2B OMBBAZE Fik1E, BARFEMARE L, R aX &Lk
DREHTHY, RIS ERHEESLTORY, H T, v ab—3a UFREE, KIS TR o RS 2 57 T -
B L-VLTHRAL, BOMBEMEIORECRWVICERRT 2 LB TWD, TF, 2 Ea—Z Il X580 K
IS EARIET B RSB ORE K AR EHIFTRRIZ R Y 22 b b, AT, flix ORE—RAELISIZ BT 5 fih
EMBIOIRT L~V TREFT 2 2 L & BRI L L7 BiRR st (RD 2 A T b, BEFIE LT, Rroang KT
A RRO—FbER OB 2 B ) B Tuns,

Rung BRI A Rid, MAKGEEIGIC RV KRBERETLIMETHY . ZORBEREOHEDOR I NHEIMRDOT
FUF—FRE LTHHEEN TS, LxL, Rand RI4 REOFETRHERFTOKDERIELTLEI D, 7
VA KEERCEED U CTRET D, ZORKRIEEN D KR EZRESE L7200, B ZAVWeMlinnEch s, FE
A& REL RO DICE B Off & OB R NEAIREE COISHEOH ERALBEARFR TH D, ZORMGEHZT
BRI B OB O T= DI 1T, AR L S OB Z IR T 5 Z E BBO CTEETH DL EEZA DN D,

—RRALERORILIGIT, T4 — BT P OP T AN CTEEE ROFUETH D, HY ) rxmr P LR Y
T4 — B U OPE T RIEICBEFEIRZ IR 57O ERBD OB ITTITIIIRFE SH Wea Slective Gatalytic
Reduction NAVHILD, Z O, —ELERIL, ATLELE LT NS LR TdiEz bk, ERITEERNSE D
fRBEZ NS TRED, 7V =0T 4 —EAOFRDERITIT. BELBL - @R PROENTEY | EER
A EbHEERMBRIGTh D,

AL TIEAR L ANA KT A RRO—BLEFE O R — AR UG O RS2 BT L~ L CH—FEEHE L %
FT 4 v 7T HAERCIE) Z A L, T 217> TW5, Reand T A ORI 3/KETR & Bk
HORDETFDRZIEI RIS TH Y, BBORT 3 v L L KERT OKRDEBEMFHICIR AL ER DS, &
FSCTIHIRIE DR L EMORT v VERVIAATEBR=R X —2HH L, L T\D, —BILEFEOKE
I, BEORKGIZHTONLIEMEREEDIETH Y | B IIED RIS HEDRECE ) 72 E O EL WS 5 2
EMTERY, TZT, RCEFERAL, DL OEEBERY AALERIT 217> T\n5,

LD FEERRER AL TICENT 5,
DARa N, R4 FOBLKETIE An & B 2l LT, ST 21T > T D, Arad N7 A ROWEIZBEL T,
FIoFiE A ETIEHEEL, B BII3MERET D2 2R L TWD, JHUE, M &b s L725E IELE
REETIEIARa NS FT A4 FRBEEIND Z & & B AL L723GE CIIIKGRRRIER 203 <RI v o Ehr b




FL—ETDLEMLTCND, ZORBRIT Aul AEBEBRESRENORDIGENR A FF A4 FOBLRIGEIRET D
il LCHERTHD ZEERLTVA,

DR NA RT A FOBBEIRIC KD KRFBOLERMIT, 8HEOBMLEIEN DI S5, AR TIE. BER A FHE~
DORBNA BT A RORET, HOBAEO/NSWKIETHD LIEHL TV D, ArsdBEBESRBROAGERAIT, 1EIFR
A R L C, BALBRVIREN S ZOWMENE 5 LW LN LTS, Z2L T, FhuiEm EToRa g
RZ A ROLZEWDOEICTER T2 Z L 2R LTND, AEBSRICE L TSSO E 2BMOEWIEIL G, B, N,
M, G&RDIEEHLNILTND, ZOBRERSCHL B E BHAHKO BHM, OBKRRIE, HEe AaD
HE, BMAMEVRETIIRASIETH Y, —H TEERE THREARIETH D, £z, DI TR TORRIGIEL,
HaRE ETEIRAETHY | BIBKEL Y b ZEMTINETHL I LERALMNILTWS, T4 Arsd BB
SREGEIMEE L U CHIET 2 Z &A™ LT D,

3 —EE{L %R OEELAUE CiE Langmi r- H nshel wood 2! 0 SURIE GRS B WIREASIE TH U . BAERIGHAET LIC
LWZ ENINY | BEEOIFMERE %L S Hey Rdeal OISO FRRERLT N L& RCIEDT I 2 b—3 g
ICEVRLTWD, R-OfEE 13D Tl . Rl ETO—ELEROBCISIIARRESIETH O | RIGHE DR
WV, AT TIE, SdBRARRRIC R 2B EIEHZ LT, B O ANV R T 2 b I ZRZAF—ITHENDS L&
WL~ 7 P L, B-ORERHEY . BIEENEERT R EWRENTWD, 22T, & FEHELE
AL dBBSRERIC R b0 L A v —RW 7ol TR 21T\ —B{b =R OBLISIC I T D IR LR
DINSLKBRDHZEEHLNIILTVD, JdEBERBOTTH, MR bIFHLEREN /NS 720 | KIS IHEYGIC
ORI P LD BMEL LTHELVWE WD ZEEEHL TV D, ZhLORRITESTIIRE & MIbEREOR
BEFHOD & THMEMRENM E3 252 2R L TED, FMERGHCEELRMRAZ 52 T\ 5,

TIH OBFEARIE, R RAMERR ARG 2 0 A THEERMAEZREL TV D, AUETRSATRERIT, Ko
A RTA4 FRO—BEEROBRILKISIZI T D MEOMITICE £ 69, OB BAEZREHI B /RS 5 B at
FERRRTH D, ML DAGRICE, AR ARIR - MEIERICER MR L5220 2 L8 TS, JWAMEY:, KT
WHMBEZECTEE T2 L 2AHRREN, Lo TARRL e HimX e LTlEH S b0 & LTRD D,




