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Fuel Cells are among the most promising alternative power generators of the future. At present, the biggest
obstacle to the widespread use of fuel cells is cost. While fuel cells give excellent value for money in terms of its
energy-fuel consumption efficiency, current prototypes are still beyond the purchasing power of the average
consumer primarily due to the cost of the precious metal platinum (Pt), which has been the preferred material for
anodes and cathodes across most types of fuel cells. Consequently, the quest for alternative catalysts to
platinum surfaces that are both efficient and affordable has become a top priority for research around the world
in both academia and industry.

In Chapter One, I introduced how a hydrogen-fuel Polymer Electrolyte Fuel cell (PEFC) works and how,
contrary to our present platinum-based technology, nature has its own enzymes for performing reactions similar
to those that occur in fuel cells—hydrogen oxidation reaction (HOR) and oxygen reduction reaction (ORR)—
without the need for expensive rare metals. With this in mind, I considered adopting hydrogenase-based
components for HOR catalysis and heme-based components for ORR catalysis.

In Chapters Two, Three and Four, the HOR/ORR on platinum surface, the HOR on hydrogenase and the ORR
on heme were reviewed, respectively. These systems have been extensively studied both experimentally—by
spectroscopy, microscopic and electrochemical techniques—and theoretically—by density functional theory. I
considered the insights gained from these previous studies. But I took DFT a step further from its proven
applicability in helping us understand HOR/ORR reaction mechanisms to using it as a tool to help us
computationally design catalysts inspired by natural enzymes that perform parallel reactions. The objective of
my design efforts for both the anode and cathode is the same : to develop effective and stable alternative
electrodes that will eliminate or minimize the use of platinum.

In Chapter Five, I introduced the methodology used in our studies as well as its theoretical framework. The
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density functional theory as well as the Hartree-Fock approximation and Hybrid Hartree-Fock Density
Functional techniques (B3LYP) were discussed. The Gaussian type basis sets used with these techniques were
also covered.

In Chapter Six, I discussed how changing ligands can affect the electronic structure of the Fe-only hydrogenase
active site, the [2Felu subcluster, for HOR catalysis. Density functional theory calculations performed on
Fe-only hydrogenase analogues compounds I [(7PDT)Fe2(CO)4(CN)2]2~ and II [Fe2(CO)4+{MeSCH2C(Me)-(CH2S)2}
(CN)]~ show electron affinity and trends in molecular orbitals consistent with photoelectron spectroscopy data.
The HOMOs showed familiar Fe-Fe bonding characteristics while the LUMOs showed Fe-Fe antibonding
characteristics. To compare the effects of a second CN versus a terminal sulfur ligand, results for I after one
electron is removed (I-1e) were compared with those of II. It was found that compound I-1e has a much lower
HOMO. Mulliken charge analysis also showed that the terminal sulfur has a stronger electron donating effect
than a CN ligand. From the standpoint of computational materials design, I therefore think that similarities in
electron affinity, 2Fe charge density and HOMO/LUMO energy to the biologically present active site should be
bases for predicting catalytic activity.

As a first attempt to hold the [2Feln active site in solid state, I considered thiol derivatives of calixarenes as
possible scaffolds. Among the calixarenes so far considered, My calculations have shown that calix [5] arene
(calixarenes with five benzene rings) is the most viable macrocycle to hold the di-iron site. My calculations also
showed that the crucial hydrogenase active site is maintained in this material : having an Fe-Fe bond and
anti-bond at the HOMO and LUMO respectively ; and the bonding orbitals on the Fe centers connected to the
sulfur of the electron chain at the HOMO.

In Chapter Seven, I proposed Pt deposited on tin (Sn) porphyrin (Por) as an ORR catalyst. The calculated
binding energy of Pt on SnPor is 3.13 eV—very stable. I showed how this material possesses the necessary
electronic properties that make it a possible alternative to platinum surfaces as fuel cell electrode catalysts ;
notably : low electron density near Pt, partial negative charge at Pt, and the high Pt-character near and at
HOMO (highest occupied molecular orbital) levels. The LUMO (lowest unoccupied molecular orbital) also
possesses significant Pt d-orbital characteristics comparable to the «-and B-LUMO of iron porphyrin, further
suggesting ability to interact with oxygen for catalytic reduction. I also considered replacing tin with
germanium (Ge) and lead (Pb) . Pt deposited on GePor showed primarily the same results as SnPor-Pt, but Pt
deposited PbPor showed a much weaker binding energy (1.99 eV) . Variants of SnPor-Pt by replacing Pt with
nickel (Ni), cobalt (Co), and iron (Fe) were also studied. I compared their binding energies and electronic
properties with SnPor-Pt, hoping that these non-precious metals on SnPor will also possess the needed electronic
properties for PEFC HOR or ORR catalysis. My calculations gave energies of 1.29, —0.48 and 0.38 eV
respectively for the binding of Fe, Co and Ni on SnPor. While the binding energy of Ni on SnPor is not high
enough to make SnPor-Ni a viable catalyst for ORR, the similarities between their frontier molecular orbitals
suggest that SnPor-Ni may have similar photocatalytic properties as SnPor-Pt for H2 production in aqueous
solution.

In Chapter Eight, as a conclusion, I summarized the highlights and findings of my studies above. Our tasks
of computational material design bore fruits. We are collaborating with synthetic chemists to synthesize

hydrogenase on Calix[5] arene, SnPor-Pt and GePor-Pt.
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BUE, BREFEMIIE V= RV X —E RN ROBLE DRI EEE & LUk b A IS WD, FEHH D0
A B REREM & LT, EENEE DR E RS IR E (PEFC) OBFEAA T 2. PEFC ORI
WK DT=DITIE, WL ONDAN—=RARH LR, EDO—OPERAED IR N THD, &0 DITBIED PEFC ORRE:
i & ZESABO M EMAREE & LTHO SN TWAE HAE (PH) O3 2 MEEREN, L7zBl->T, Pt OEAEZES T,
BT Pt ZEMEA LRV Pt 7 ) — OBMARE DGR PESE 7= PEFC BB OREILRE L 72> T D,
—%. BRRICHFET 28RO PICH PEFC TOEXULERIG, T72b5, KERLKEG (HOR) LERERCKIG
(ORR) #EZTHDONH D, TDOXI RAKRROBERICER L, A SUIEHRAME L LT Fr b/ —E /48
o, 2P & L CALRME R EH T2 2 LIk BmEREENE (DFT) (RS i HE HIREF A 2 %
AL CEBMBOREEZ LT 5D, KRBT 2 ERMREEZENTHLELUTOLEY THhb,
(REHEfREE L LC e Fu A —ERMEHCEE L, B 0@V, 8k (Fe) b Rua s/ —BiHEm, 37hebb
[2Feln BIEHICEZ 2HBZOVWTHARTN D, ZOFR, Fe b Fu s —BHEGETH LAY II(FPDT)Fe:
(CO)4(CN)2]2™ &b T1[Fea(CO)4{MeSCH2C(Me)-(CH29)2H(CN) ~ 13dkic, BT HFtEZ R34 2 & Bl S
(HOMO) % Fe-Fe fAMEIREETH Y . mIRZEHE (LUMO) 1% Fe-Fe KiiAMHREETHD Z L2 RHL TS,
I Bz, BN UVEEY B bam I Sfbaw I ki L, &2 1 {EIY BRIzt &% 1 o HOMO 23Mba
WITOHOMO LV ZETHDZ L, ~ U 7 U EFEEMNT» O RIGORMERAM F1E 7/ £ mnE k4
RTZEERHLTWS, £ 0GRS5 20 Fe OFEF# M S HOMO & LUMO =% /L% —7 HOR
2B AR A TR 2 BEEARR T THDHZ L EAHEML TV D,
(2)FE AIRAET [2Feln IEMEEMLZ RO D OB T LTH U AV U OF A —LFE KON THTHRITWD, £
DFER. DY VY VFLERDOHF T, 5OORVEBUREROD I WYV THDL I Y v A [5] TLURn 2o
Fe iz RFFCEX D REBRILAEW THDH I L2 AHB LTS, S BIZ B Rr s —E 0 HORIEMEIZ LB 2RI
HOMO 73 Fe-Fe # &% LUMO 78 Fe-Fe )KiEAMEZ o2 & & 512 HOMO 2% Fe b S i 85 ~D 78 184 % £
DILTHLN., ZOEBWIZNE DFBEZFAHATHDLZ L2 REL TV,
(3) = mmfibt & LC&@A L~ 1V (MPor. M=Sn. Ge. Pb) b~ Pt JZF20 L7248 (MPor-Pt) 2% H
L., ZOBEBFREICONVTHRTN D, TOMER, Wb PLAHEORWETHE, Pt OO AER, Ptod
HE T HOMO MR SN TN D 2 &b, I OMBIRERBIC LB ER 2/ Z L2 R L TnD, &
51Z.SnPor & Pt 21X GePor & Pt DA 3L X —2 3 eV F2E PbPor & Pt OfiAG = XL ¥ =13 2eVEEDH Y |
LETE 7R 28 RMRMEE & 72 5 IR A FER L TV B,
(4)ze Mt & LT SnPor L ~EB4&BIRF (Ni. Co. Fe) NIMULAMEHIEH L. ZOBEFIREIZ OV THN
TWb, ZOkER, SnPor & Ni, SnPor & Co, SnPor & Fe OfES T R NF—L 1eVEENENUTFTTHDLZ L%
AHLTWE, 20k, 5l s L CHHAT 212, ZEECO OV TRFEBLETHD Z L E2EHL VWD,
F7o, 7T 4 T FEEICEI LT, SnPor-Ni (21X SnPor-Pt & ORI H D | /KIEIE T DOKFBAKD =D DI
it e LCOMERH D Z L EIERHL TS,

LLED X 91T, AREwSCEEm EINBEIEIC IS  H—RBHEH R A8 U CHERE & 7R E Mo B3l E R fih gl 2 42
FT 20T, EENREOR72 5T, LENRASHOE TOAERMAEZG TR | ISP CHFET 2L 25
MREV, Lo TRBmIUIE LRI E LTIEDH D 6 D LB
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