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Surface Chemical Bond

How canweunderstanthe natureof thechemical
bondingbetweersurfaceandadsorbates?

Elementary steps of catalytic
Energy conversion
v

‘é\gttglf’“: A Molecular adsorption
ys A Dissociation

__ A Surface reaction

9, ¥ " A Desorption
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Surface Chemistry 101

A+B—AB What determines catalytic activity?
Adsorption
Energy Desorption
\
Dissociation T.ran.sport. eﬁ?CtS
Diffusion, sintering
Without catalyst I-(OH o

Geometric effects
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BA* > AB+* 13 ,,agg o ’5 6 | Electron confinement,
ﬂﬁpﬂﬂ‘ﬁﬁ 4 " support interaction
rEeeismRaty
Support 55’?65:‘; Support effects
TSI ST JIY Spill-over, diffusion, reaction

Ertl, Nobel Lecture, 2007
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Chemical Shifts

O
I
H3C—C—CH3 Provides information about

Oxygen 1s Carbon 1s .
A Kind of atom

A Number of atoms
A Chemical shift
,L )

1 Vi 1
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Kinetic Energy (eV) i
~agf}=— Binding Energy (eV)

(Siegbahn et al.) Lalvay source: Resolution = ~ 0.5 eV (mono)

Photoemission Intensity
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Applications of sp carbon

sp? hybridization sp? hybridization

Graphene sheet, carbon nanotube (CNT) Diamond
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Graphene on metal surfaces

Single layer graphene grown on Pt(111)

/L\f“ﬁ%‘ Nitrogen doping Hydrogen doping

Exposed to ethylene Gr/Pt(”")
at 1000 K
IE) rmr‘ : ‘ (Tone)
S S v ane ' ’(TzTO)
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Chemical Shift: Nitrogen Doped Graphene

Different Nitrogen groups in-Noped rIEIZ ;I(_)ose\?(P
Graphene: ldeal mefate electrode material

Pyridinic N f? Edge

. idini Edgepyridinic N
Graphitic N Pyridinic N gepy PYyolicN §% pyridinic N

Pyridinic N rich
(patchy film)

Intensity (arb. un.)

Homogenioudlm

Nitrilic N Pyrrolic N

Graphitic N (Rtype)

No graphitic N

PyridinicN(pt ype) ¢ Lewis basi donor)
Materials Today Chemistry, 38, 102081 (2024) - -4(I)2_. - :4(I)0- . .368- - .356.
Appl. Surf. Sci., 495, 143518 (2019) Binding energy (eV)
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Chemical shift: Hydrogenation of Single Layer Graphene on Subsurface Alloys

Graphene H-Graphene

C 1s XPS & C 1s XPS4
ho=405evV |}

Hydrogenation of graphene grown on

Fe and Co subsurface alloys on Pt(111) 22.2% H

PYCo/Pt(111)

26.6 % H

Intensity (arb. un.)

Gr/Pt(111) Gr/Pt-3d-Pt(111) HGr/Pt-3d-Pt(111)

Pt/Fe/Pt(111

)

24.8 % H

Pt(111)

Gr/Pt-3d-Pt(111) HGr/Pt-3d-Pt(111)

@ Platnum @ 3datom @ Carbon » Hydrogen 286 285
Binding energy (eV) Binding energy (eV)

284 283 286 28 284 283

.....

Peak shift: a measureq coverage can be
of graphene surface quantified

Carbon, 170, 636 (2020) interaction
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Chemical shift: Hydrogenation of Single Layer Graphene on Subsurface Alloys

Graphene H-Graphene
Pt 4f XPS Pt 4f XPS
_ hgo= 189 eV
Hydrogenation of graphene grown on
Fe and Co subsurface alloys on Pt(111) 222%H
# : 26.6 % H
Gr/P(111) Gr/Pt-3d-Pt(111) HGI/Pt-3d-Pt(111) =
24.8 % H
Gr/Pt-3d-Pt(111) HGI/Pt-3d-Pt(111) TR
@ Platihum @ 3datom @ Carbon » Hydrogen e ety
78 76 74 72 70 78 76 74 72 70
Binding energy (eV) Binding energy (eV)
S peak shift: a H coverage can be
measure of graphenegjuantified
Carbon 170, 636 (2020) surface interaction
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Chemical shift: Hydrogenation of Single Layer Graphene on Subsurface Alloys

C1s XPS Pt4f, XPS
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\/ Charge transfer froffe and Co to

the subsurfacatoms to the surface
Pt(111) atoms: Reduces the extent
of p-doping on graphene

Gr/Pt(111) Gr/Pt-3d-Pt(111) HGr/Pt-3d-Pt(111)
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Polarization: Single Layer Graphene on Pt(111)

Polarization vectoris.  p * Polarization vector isp o DOS
perpendicular to thée ‘ 7 DOS paraleto the surface »
surface (s E &
9 090 09
k ' YAVAVAVAVAR i «
000000 k

Symmetry resolved measurements: Gé&dge XAS

ﬂ - symmetry

o- symmetry
/ Symmetry forbiddeg resonance
! in D&ymmetry XAS.
Attributed to rippling of grapheide
Moiré lattice.
................ L] L] L] ] I L] L] L] L] l L] L L] L] l L] L L] | I L] L] L] L] I L] L L] L]
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Photon energy (eV) Photon energy (eV)
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Polarization: Hydrogenation of Single Layer Graphene on Pt(111)
C K-edge XAS C K-edge XAS

Out of plane E (I1%)

In plane E (o¥)
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STM indicates Photon energy (eV) Photon energy (eV)
preferent i al Brdadenire o&xatamigeak.

dot typebo Appearance of € feature.

hydrogenation Enhanced corrugation of SLG after hydrogenation.

SESAME SUNSTONE sarpkayal AB.ku.edu.tr 205.04.21



Polarization and chemical shift: Hydrogenation of Single Layer Graphene on Pt(111)

7 orbital interaction with Pt states

b A A

@-icecH ecrtH

Excitation energy (hh~ 287.5¢V, we excite the-8 resonance, W
observe more emission close téde HSLG than SLG

Phys. Rev. Lett., 111, 085503 (2013)
Phys. Rev. B, 86, 075417 (2012)
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The Blyholder Model of Chemisorption of CO

CO asamodel adsorbate

- o-zw

AVO of gas-phaseCO

Arhewavefunction dangssignin
gang from theregon shown by

e di g o “ differer color
Uy "H’ . . . . .
SDdrbital is completely occupied as it lies
ki 8 ®. ,
below the Fermi energy. It interacts strongl
a1 The Ddrbital is localized - with the metallic electronic states. Effective
2sHf- on the C end of the the electron density of thB&hbital is
-y i A= molecule. Theg is oo 35, donated to the metal and new hybrid
- - S?/mmtert]r'calhll d'slt”b“te.d co electronic states are formed (donation)
CcO along the molecuiar axis. The Z5 is partially occupied. Thg drbital
A back-dgnation accepts electron density from the metal
'l:@:—o ok through a process knownkegkdonation
+O +|? “0* o o
T i | | [
Y L S T
M 56 donation £\
CARY) x ey
i Atop or bridge
On—px )
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Intensity [arb. units]

CO/Pt(111)
Pt4f,,

(5 =¥3) hv=125ev

1%

Binding energy [eV]

Surfacescience315, L983 (1994)
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XPS is structure sensitive: CO on
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Pt(111)
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O, dissociation on Pt(111)

TP-XPS of a partial Q adlayer

I6_ XPS O 1s molecular
hv =670 eV oxygen
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170 lonization
g 160 X-ray Photoelectron Spectroscopy (XPS)
£ 150 0.20 ML
g 140 = atomic oxygen
£ 130 e — — Completion ~ 130 K
=120 _ =

110 S = — - = -l _ Onset~ 110K

100 o o= = ‘-E f iy 0.40 ML

536 535 534 533 532 531 530 529 528 molecular oxygen
Binding energy [eV]
J. Chem. Ph¢83 224701 (2010) Temperature ramp~ 0.1 K/s = 0.7 K/sweep
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O, dissociation on Pt(111)

Mean-field simulations of a
saturated O adlayer

0.4
~ = Osads* O (agy
Desorptionand g 037 O
dissociation are Q 2(ady
competing € 0.2+ O
% (ad}
© 0.1 - - 0
20
0.0 —===a#
1 [ |
100 120 140 160
Temperature (K)
Constrained Floating
Dissociation r A N\ r A N\
OZ(ad$+ PtA ZO(ads) VdiSS: 1011610"3 Sl EdiSS~ OBZi 003 eV
Desorption
Oz(ad);A Oz<g + Pt Vjes— 103st? Eqes 0.37+ 0.01 eV
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Adlayers and Oxides

Near-ambient O,pr essures are needed to generate G >

Either more aggressive oxidants or higher pressures are G55 phase o,
required to dorm high surface coverage °:°

Dense O Adlayers Surface Oxides
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Oxide Formation on the Pt(111) Surface

SESAME SUNSTONE

Intensity [arb. u.]
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O 1s XPS o )
hv=735eV i ey Surface oxide formation
ccupie ' .
A Dos and transformation to the
hv Ptbulk oxide orPt(111) in

ambient conditions.

— r

Core level —o—Q:' Pt 4f
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Oxygen Species on the Pt(111) Surface

236

SESAME SUNSTONE

534 532 530 528 526
Binding energy (eV)

Various adsorbate species can be stabilized on Pt(111)
under high temperature and pressure conditions.

1)), Chemisorbed O
...... )

UHV .4 5 L’é”é’é”;‘ﬂ,,, surface oxide
00000002’
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Oxygen Species on the Pt(111) Surface

Various adsorbate species can be stabilized on Pt(111)
under high temperature and pressure conditions.

Chemisorbed O
surface oxide

URV

536 534 532 530 528 526
Binding energy (eV)
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Oxygen Species on the Pt(111) Surface

Various adsorbate species can be stabilized on Pt(111)
under high temperature and pressure conditions.

Chemisorbed
O-OH biphase

Chemisorbed O
surface oxide

»
eeeeeeee ,w

QQQ!.Z.?.!Q!»"
000000607

URV

536 534 532 530 528 526
Binding energy (eV)
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Oxygen Species on the Pt(111) Surface

Various adsorbate species can be stabilized on Pt(111)
under high temperature and pressure conditions.
Ambient
450-420 K
Chemisorbed
O-OH biphase
''''''' , 5’:, Chemisorbed O
0700-66‘66

536 534 532 530 528 526
Binding energy (eV)
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Oxygen Species on the Pt(111) Surface

__ ;. g O K-edge XAS: Signatures of higlsoverage oxygen layers

outof plane inplane | O(KV/V) Auger electrons
K.E. ~ 500eV
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M

PtOZ n= 525 to 55%V

2.1 ML P

)

PtO 1.1 ML

Intensity [arb. u.]

0.7 ML

0.6 ML

7

0.2 ML
Lol dadlalalal

528 530 532 534

hv [eV]

Chemisorbed O
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Oxygen Species on the Pt(111) Surface

bulk PtO,
phases
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Experimental spectra
A Bindingenergy scale
determined from OsIXPS

Theoretical spectra
A Half-corehole transition
potential approach in GPAW

A Multiple scattering simulatior
using FEFF qualitatively
similar
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Reactivity of Chemisorbed OPtO (40-Pt), and PtQ, towards H,
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