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Abstract

Heterogeneous catalytic reactions of hydrocarbon molecules are directed towards selective
activation of chemical bonds present in the reactant molecule to carry out desired
transformations into a target product. For instance, in alcohols and alkanes, C-C, C-O, C-
H, and O-H bonds are selectively cleaved over the active sites of a transition metal catalyst
surface to produce aldehydes, ketones, alkene and other functionalities. Active sites on the
metal catalyst surfaces could also be engineered for selectively activating a specific
chemical bond in the hydrocarbon molecule. For example, the high reactivity of the step
site as compared to the terrace sites could lead to differential product selectivity. In
addition, the metal catalyst surface could be doped with another metal to form a bimetallic
alloy surface, so as to achieve the desired reactivity at the active site. All of these
engineering options present a molecule level toolbox for the rational design of the catalyst
surface. Herein, this molecular level design approach is elucidated in the study of an array
of transition metal catalysts, using theoretical ab initio density functional theory (DFT)
based microkinetic modeling, for four specific reactions; decomposition of ethanol, non-
oxidative dehydrogenation (NODH) of ethanol, CO; assisted dehydrogenation of ethane
and biogas reforming (BGR). A microkinetic model (MKM) thus developed is utilized to
design novel composition of bimetallic alloys and to provide key insights into the rate
controlling steps and intermediates, which in-turn can further be utilized to engineer the
reaction itself. Using the MKM, the entire reaction energetics are expressed in terms of
descriptors — the carbon and the oxygen binding energy on the surface of the catalyst.

In the first reaction, the propensity of cleaving the C-O bond versus the C-C bond in the
decomposition of ethanol is studied over the step sites of transition metal catalysts. This is
done with a broader objective to predict the trend in the reactivity of the metal and
bimetallic catalysts for C-O bond activation of larger molecules; such as biomass-derived
phenolic compounds via hydrodeoxygenation (HDO) reaction, using the MKM developed
for a simple model molecule such as ethanol. Co is shown to be the most active catalyst to
produce ethane followed by Ru, Ir, Rh, and Ni, at 523 K. In the design of a bimetallic alloy
for the C-O bond activation, three specific alloy catalysts, CoNi, CoFe, and NiFe are
calculated to exhibit the maximum turnover for the deoxygenated product with high
selectivity at temperatures around 523 K.

In the second reaction, NODH of ethanol is studied for the theoretical design of bimetallic
alloys that are likely to show high selectivity for the production of acetaldehyde. At 473 K,
Pt is the most active catalyst followed by Cu and Pd for the NODH reaction. Interestingly,
as noted from MKM analysis, surfaces of most of the metal catalysts are observed to be
covered by the intermediate species; CH3CO, except that of Cu. The surface of Cu is
predominantly covered by the stable intermediate CH3CH-O, due to the difficulty of
activating the C—H bond on Cu. A rational design idea is thus proposed for alloying Cu
with metals having higher dehydrogenation capability, so as to increase turnover of the
aldehyde. Four bimetallic alloys; CuNi, CuPd, CuPt, and CuRh are finally selected which

vii



are calculated to show higher selectivity and conversions towards the aldehyde product for
the NODH reaction. To speed up the in-situ screening process, Machine Learning (ML)
based model is constructed for screening of Cu based alloys for NODH reactions and Ni
and Co based alloys for ethanol decomposition reaction. ML model is showing similar
predictions of reactivity trends in the MKM. Product selectivity and reactivity trends of
primary and secondary alcohols in the NODH reaction on Cu based catalyst are further
analysed using DFT calculations of propanol and isopropanol. Secondary alcohol is
calculated to undergo NODH with significantly lower activation energies.

In contrast to Cu as a catalyst for NODH, the objective to rationally design a Pt-based
bimetallic alloy surface is different. Since the Pt surface is covered with CH3CO species,
the target here is to control the dehydrogenation activity of the surface by alloying Pt with
a lesser active metal, so as to stop the reaction at the desired aldehyde (CH3CHO) product
before undergoing subsequent dehydrogenation on the surface. In addition, from an
economic perspective, a price filter is added to design cheaper bimetallic catalysts than that
of pure Pt. Four specific Pt-based bimetallic alloys are finally proposed; PtCu, PtZn, PtGa,
and PtGe for obtaining high yield of the NODH products.

In the third reaction, aforementioned ab initio design principles are further implemented
for developing catalyst materials for a sustainable process of ethane to ethylene conversion,
combined with CO> reduction, without the requirement of an external hydrogen source. As
a benchmark of the theoretical parameters, MKM confirmed to the high reactivity of NiFe
catalyst for this reaction, calculating high selectivity towards ethylene and significant CO>
conversion similar to the reported trend in a recent experimental study. In addition, the ab
initio MKM is providing mechanistic insight into the reaction where C-C hydrogenolysis
reaction at the step (211) surface is observed to produce high amount of coke, leading to
catalyst deactivation.

As a final application of the molecular level engineering toolbox, the MKM is applied to
understand the reaction pathways in the reforming reaction of biogas at 973K over the
terrace (111) and step (211) sites of transition metal catalysts. Out of all the catalysts
studied, Co and Ru are calculated to show moderate turnover for consumption of methane
and significantly smaller coke formation, thus exhibiting the potential to act as stable
catalysts for the reaction. The H2/CO ratio calculated on terrace sites of Co and Ru is closest
to that required for FT reactions. Steam reforming of methane is observed to be the
dominant reforming route for all the catalysts studied.

Overall, the dissertation is outlining the implementation of DFT calculations and ab initio

MKM in comprehensive modeling of complex reaction networks for conclusive predictions
of catalyst reactivity which may provide help in rational catalyst design.
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ETESITa HI oI ed Fl q&F IcAE H TRATAT He o (o0 [AoH Ioa ST iharst g1
STateraTelie o1 ¥ /i@ TS S99 & FIATcHS ThAT o0l < [Haford F=ham Strar g
SETELU F9%Y, Aedhlgd A Teshed § C-C, C-O, C-H 3T O-H F4+ il HhAI &1 I<H
g & AHT TIAT T FAIATHS €T H JIET 1T g qATh UeSgIse, Hhelwd, Toshd UF o7
StHThaTelie THE & TaTAT T ICIEA AT ST T &Tq SO ddgl U< active sites &
TSI FT gIEgIaTa o0 | Ua (afere Tematee e & aiend [T ST a6t g1 SIT8em
& o, terrace sites #T q@AT # step sites T 3g TTAthaATeReaT $a¥ ITATE FAATHEAT
T SR < ThAT 21 THE STATAT, T SLH TAZ T Ueh =7 &1 % A1 fFermeaa ffrsr omq
&t Tag a1 % 1T dope ToFaT ST #1haT 2, TR afor worer ue aifega wiatmar g9 g1 aeh)
T FHT SO TaeheT ST g o AT (SSIT2H o [T U U] EqLT A 1o TEq
FIA g1 TH & q1, AT THT & HHA GTq IcILh HT LA AU &2 6 [S12A
greswor § 9 fafde gfafearsti- saata & qowed, o & d-steiefed
REregeIHeor (NODH), CO2 7 3 3T I TRITHT (BGR) & fAsiettaweur & form,
Density functional theory (DFT) sIr4Tiea microkinetic FIETeiT T STFRT ¥k (T ST
TqHAT g1 TH TR AR 6T 7117 U Areshiates qige (MKM) &1 3T fgeEt e
TN T [esTe a9t HET FTd aTer FL00 3T Feqad! § T FdG 8 T&TT FHd & o
TRT STTAT 8, ST 16 ST TehalT il a3 SSMTH I T o (o110 3T STANT Tt ST FehaT g1 MKM
T STANT T gU, T TTA AT SHoT (AT [AaL0Teh] o HaH H 4k ol STl @ - SCI<ah i g
U FHTE AT AT T2 Fo |

Tl T TTATRAT §, TAATA o AT § -7 Five aTH HI-HT IS T FA (AT HlA 0l TG
T AT LT ST o6 T EAL I 6T STAT 1 T T AV 6 &1-31 i€ FihAT & forw
o7 AT fBeeT 3aa it wiatrar § ygir fr wiecaamft #2+ F forw v =m0 3397+
Ty FFaT STaT §; gres oA (TASTr) TaihaT & ATeaH | JrarHTe-2cq
ST Toreh ATRIHT ST o TAATA SIE 3 AIS (0] & [or0 Ao THhUH FHT STANT HLAT|
T F 523 K ¥, TIATT, ATF A AT & d7& AT HT ICATEA FHLe o (o7 Tad T IITH
T o g1 Hewr atee |t & o ua Fertcas fex arq & e #, 39 fatare ey
ST STILH, HIAT, FATHRS, 3T NiFe T TOMT 523 K F JTIHTT I 3 AAATHAAT o6 9T
st ST T IR oI srfersra s FTreTe it Tafefa e o forw Y St 21

T ITATRAT |, TAFTA o UASHSIUH 7 Teqa (@ sy emqelt & dgitas R+
oI 3T STTaT €, ST UTReTeR 815 S % ICATaA & [oU 3 AAATCHFRAT (@ i AT 2
473 K 9%, NODH ST TshaT 3 foIT Cu 3T Pd 3 aITE Pt Ha® AT Scia gl aet=eT g, S
o THEHUH [T & Ioeid AT T &, SATEHTer ST ST ol qag! I Teqadl TSTiaan
FTT A< AT AT E; CH3CO, Cu T BTEHT| Cu T C-H T(vE il GTohT el H HISATS o L0
Cu 1 gdg §&T & § fe¥ Fegadl CH3CH,0 BTT Fa< il ST &1 Teh ToheTd [SSTTed [a=1Y
= T e a1q & o0 yeartad g e arqett & a1 SIgreg S 6 sl &7adT STie
BIAT g, ATh UTeSgIee & HILETE 9 9| AT FLET FTeTq; CuNi, CuPd, CuPt, 3T
CuRh 3@ § F U g ST NODH T3 3 {0 Uiesgres 3T & T g AIATcHHAT 31T
=TT @ & oI oMt &t ST 1 SH-H1E SRiTesT ToRAT &1 asT e & oy, 7efid




AT (THUS) LTI HISA T AT NODH T ToraTal & forT Cu sremia fHer ereett
ST 3 TR AT T RAT % o0 Ni 3T Co STeTHa T emqet & forg & = gl
THUA AISA THHUH H TTAhATHT SATT o THTT TATHTT (@87 3T g1 =T e Ioan
U7 UASEITH wiafar § wrufaw i mreafiE siowigdr % ScdTe FAATHwAT Y
TraFaTeE® T, TR 3T STSHTIIATAIA % STUHRAT 0T T STANT FLh 3T FHT
Tergreror foha STTaT 81 facii=re: Toehiger &l VAT UASAS 10 &l ¥ TRTAT HofT o a1 el
= form &y STt 2

TAARTUA o S o &9 H o o [Aqd, I-3ra1id fGertcas sy grq it 7ag FT TohenTa
& F ST FIA AT 3297 T 2| Ffeh Pt T Adg CH3CO TSI | =R 11ad g, THT
TET TR T FH TORT LT F T Pt Fh (A4 it Tdg it Rgrese e afafater
e wear 8, arfe are # Rersgor o & o 9% Fifed ufeegzs (CH3CHO) 3eqTe
O T T3 T TIRT ST e | FAg| THE AATAT, Teh AT U 07/, 8[F T T ToAAT § Fear
Bga™ 3o RBeTed 3 & o us go7 fheex SieT Smar g1 =/ &fre g-sreanfa
e e sig & w=arfera §; NODH SedTat it 37 SUST 9T % 3 {o17 PtCu, PtZn, PtGa,
3I¥ PtGel

T afateraT 8, 918t gTES o &I i a9 & faar, Heir 2 § F:3¥ o 97, Uit
TYTALT 3 1T U9 TUiawor £ uF =4t giFar F oo soe o FEfa s F oo
I st fesee Rgial &t s @] 6T STTaT €1 Haifde ATaast & U a=H T & &9
H, wHeRuw 7 78 IR F o NiFe ST #it 3g wiaframsfierar £ qfs &, v grferar
TN e d= | a7 fohT 70 %211 & J97 Ui ol Agcaqor CO, 1A & T
g FAATHFAT T [T T T FATAT, T TATCAT THHTH TTARAT H T5aq Aqge
T&TH FX TET ¢ AT HI-HT TS ST (418 T ehaT FaH (211) Hdg T Fleh sl 37 HTAT &0
JTATE FTA o ToT0 HATIT STTAT &, ST S HICHIAT #hl A ATAT 2

AT TAL F SSUTHATIT SAATFT o (AT SATAET & €9 H, THHUTH &l Fq 9L (111) 3
TEHRHIT €T ST 3 T (211) TAAT I ITANE shl GHTLRTLT T TRAT 0l THAT & [T
AN FoRAT STTaT g1 3Teda o0 10 |3ft ITan! § &, 9 ST S ol 0T HIAT il @Iq
ToTT FeTs FHTLUETE ST FThT BT Fleh TS o (1T 0l TAT g, TH TR T(ATHAT 6 (77 2T
I o T H AT il ol ATAT TRTAT B g1 IS ST A o S AT I TUET ol T2
T 2 / HVAT AT THRET A TRATSAT o (70 STaeTeh | HIAT o S0 T I TeTqT T
T FHT I o (70 THE T AT JET ST

T THATRT, 9T T ISLH ATHHHS 0l (0T FAHAATOET  forT SAfeet Frafhar
ST o SATTF Ao T § STUFRT AT 3T 7 AT THHUH F FrATead= &l LEiiehd
T TET g ST AT SCILh (12 H HEE T&TH FHY TdT 2|
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