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Surface Chemical Bond

How can we understand the nature of the chemical
bonding between surfaces and adsorbates?

Elementary steps of catalytic
Energy conversion
\

Without * Molecular adsorption
catalyst . .o

* Dissociation
e Surface reaction
——r * Desorption

With catalyst *, .,
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Surface Chemistry 101

A+B—AB What determines catalytic activity?

Adsorption
Energy Desorption
Dissociation

Without catalyst I-(OH
@)

Transport effects
Diffusion, sintering

Geometric effects

S e =% -0 Facets, edges, corners,
With catalyst N ™ p "",, _", ."’ y _‘ ) train. defect .
wr & E HH COCARACEN , : strain, defects, size
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A*+B—BA* see ”‘bﬁﬁig‘?‘ { | Electronic effects
BA* > AB+* 1 ,ﬁgg aﬁgag f;i Electron confinement,
; ﬂﬁpﬂa ga 5i "‘ support interaction
EERERERG:
5?555!‘53 Support effects
b ot ot oy Spill-over, diffusion, reaction

Ertl, Nobel Lecture, 2007
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Chemical Shifts

W
H3C_C_CH3

Provides information about

Oxygen 1s Carbon 1s

" [Kind of atom

= Number of atoms
®  Chemical shift
L 1o

1 Vi 1

[ I
950 955 /1195 1200 eV

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

(Siegbahn et al.) Lab x-ray source: Resolution = ~ 0.5 ¢V (mono)
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sp? hybridization
Graphene sheet, carbon nanotube (CNT)

i
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Applications of sp? carbon

sp> hybridization
Diamond

2025.04.21



Graphene on metal surfaces

Single layer graphene grown on Pt(111)

V%% Nitrogen doping  Hydrogen doping
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Exposed to ethylene Gr/Pt(111)
at 1000 K
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Chemical Shift: Nitrogen Doped Graphene

Ditferent Nitrogen groups in N-doped N 1s XP

hy =700 eV
Graphene: Ideal metal-free electrode material

Graphitic N Pyridinic N Edge-pyridinic N

Pyridinic N rich
(patchy film)

Intensity (arb. un.)

Homogenious film

Nitrilic N Pyrrolic N

Graphitic N (n-type)

No graphitic N
Pyridinic N (p-type) — Lewis basicity (electron donor)

——————————————
Materials Today Chemistry, 38, 102081 (2024) 402 400 398 396
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
C1sXPS C1s XPS 4
hv = 405 eV L dn
Hydrogenation of graphene grown on
Fe and Co subsurface alloys on Pt(111) 22.2%H
PY/Co/Pt(111)
<
=]
e
s
2z 26.6 % H
1))
Gr/Pt(111) Gr/Pt-3d-Pt(111) HGr/Pt-3d-Pt(111) & | Purerpt(111)
E =
_"L_YAA_,.A d '. ".L_‘ .A_ 'A = .L__ ‘AA o ‘A‘ ‘e A s ._' » . / ‘ 24.8 % H
l.Y,,.A_v:i.v",Lv.A‘YlA A A A _ A 2 AYA,Y_AYA_YAYAY,A,VAYA_Y,AYAVAYA_Y,.AV‘A
Pt(111)
Gr/Pt-3d-Pt(111) HGr/Pt-3d-Pt(111) : 1
@ Platinum @ 3datom @ Carbon » Hydrogen 286 285 284 283286 285 284 283
Binding energy (eV) Binding energy (eV)

Peak shift: a measure H 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
hv =189 eV

Hydrogenation of graphene grown on
Fe and Co subsurface alloys on Pt(111) 22.2%H
; 26.6 % H
Gr/Pt(111) Gr/Pt-3d-Pt(111) HGI/Pt-3d-Pt(111) =
5
y ;LIAL‘:‘; A-. "' A A A - A A A A A A A A A_. W wil? ¥ ¥ il 24.8 % H
Gr/Pt-3d-Pt(111) HGr/Pt-3d-Pt(111) PH111)
@ Platnum @ 3datom @ Carbon » Hydrogen T et

78 76 74 72 70 78 76 74 72 70

Binding energy (eV) Binding energy (eV)
S peak shift: a H coverage can be
measute of graphene quantified
Catbon 170, 636 (2020) surface interaction
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Chemical shift: Hydrogenation of Single Layer Graphene on Subsurface Alloys

. —— HGrPY(111) (@) 1.0 ()
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Temperature (K)
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Gr/Pt(111)

Gr/Pt-3d-Pt(111) HGr/Pt-3d-Pt(111)
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Charge transfer from Fe and Co to
the subsurface atoms to the surface
Pt(111) atoms: Reduces the extent
of p-doping on graphene
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Polarization: Single Layer Graphene on Pt(111)

Polarization vector is _, p * Polatization vectoris  p o DOS
4
perpendicular to the E 7 DOS paralel to the surface Y
surface - . E‘ L
—9 00 09
900000 K I

Symmetry resolved measurements: C K-edge XAS

ﬂ - symmetry

o- symmetry
/ Symmetry forbidden 7* resonance
{ in o symmetry XAS.
Attributed to rippling of graphene —
Moiré lattice.
............... L] L] L] L] I L] L} L L} I L] L L] L I L] L L] L] I L L] L] L} I L] L L] L}
283 284 285 286 285 290 295 300 305

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¥)

0.13 ML

pristine

\ X — raw data

o AV ATEAN -« packground
I-I*

—— pre-edge

—C-D

pristine

e
5 YT
s .
s
-
PP PR STTTTI

2;30 2655 2;90 2EI)5 3(I)0 3(I)5 310280 285 290 295 300 305 310
STM indicates Photon energy (eV) Photon energy (eV)
preferential ‘quantum Broadening of excitonic peak.
dot type’ Appearance of C-H feature.
hydrogenation Enhanced corrugation of SLG after hydrogenation.
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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 (hn, ) ~ 287.5 eV, we excite the C-H resonance, we
observe more emission close to E for HSLG than SLG

Phys. Rev: Lett., 111, 085503 (2013)
Phys. Rev. B, 86, 075417 (2012)

SESAME SUNSTONE sarpkayalLAB.ku.edu.tr 2025.04.21



The Blyholder Model of Chemisorption of CO

CO as a model adsorbate

o -
= & G-

*MO of gas-phase CO

*The wavefunction changes sign in
going from the region shown by

pips — :
n #+ + +2 “ 55,  different color
-H— n ‘ ’ 50 orbital is completely occupied as it lies
1 " below the Fermi energy. It interacts strongly
a3t The 50 orbital is localized . 4o with the metallic electronic states. Effectively,
i on the C end of the the electron density of the 50 orbital is
oo " O‘H- - mdecule: The 272* S . 35,  donated to the metal and new hybrid
N s’ Sifmme}tlﬂcaﬂﬁ dls;ﬂbut,ed Cc o electronic states are formed (donation)
CO along the molecuiar axis. The 27* 1s partially occupied. The 27* orbital
A back-dc;nation accepts electron density from the metal
M o0 R through a process known as backdonation.
o «—pPo i 2 . v
+é . ﬁ Yo e
. My | [
Oy £ 2@ m &
M 56 donation { I | | 7'\
CARO 3
i Atop or bridge
Os-px bonding CO
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Intensity [arb. units]

CO/Pt(111)
Pt4f,,

(5 =¥3) hv=125ev

Binding energy [eV]

Surface Science, 315, 1.983 (1994)
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INTENSITY (arb.units)

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

J. Chem. Phys., 133, 224701 (2010)

TP-XPS of a partial O, adlayer

I6_ XPS O 1s molecular
hv =670 eV oxygen

oo
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g 1 60 X-ray Photoelectron Spectroscopy (XPS)
O]
5150 0.20 ML
g 140 atomic oxygen
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=120 = "

110 - = — = EER — Onser~ 110K

100 4w = = ‘-E f : 0.40 ML
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Binding energy [eV]

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
— == Ouiy + Oy
Desorption and = 0.3 -0
dissociation are o 2(ads)
competin © 0.2+ —
perng % O s
O 0.1
0.0 —{==m
L | I
100 120 140 160
Temperature (K)
Constrained Floating
. - A A
Dissociation r N\ r N\
O,y + Pt 2 20,9 v, = 1011101 ¢! E, ~032%0.03eV
Desorption
OZ(M) > 02@ + Pt v,, = 1015 ¢ E, ~037x0.01l eV
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Adlayers and Oxides

Near-ambient O, pressures are needed to generate 0 > 0.25 ML

Either more aggressive oxidants or higher pressures are Gas Phase O
. . 2
required to dorm high surface coverage o:°

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

R RRRR LR RN RN RN R RN AR RN RRRRN RRR RN RRRNL L L L L
Pt 4Ff XPS 0O 1s XPS Unoccupied

DOS
hv=275¢eV hv=735¢eV _— Surface oxide formation
2 U _ ccupie

DOS

and transformation to the
hv Pt bulk oxide on Pt(111) in

Z%g_ / ambient conditions.

Core level —o—Q:' Pt 4f

lonization
X-ray Photoelectron Spectroscopy (XPS)

Pt4//0 1sXPS hv=2750r735eV
KE. ~200 eV normal incidence

Intensity [arb. u.]

2 s

ST S e

Al S ST S
e

bulk ! !surface

ZAT T T
78 76 74 72 70 532 530 528
Binding Energy [eV] Phys. Rev. Lett. 107, 195502 (2011),
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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)

SESAME SUNSTONE sarpkayalLAB.ku.edu.tr 2025.04.21



Oxygen Species on the Pt(111) Surface

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

"""" #9520 Chemisorbed O

{ X ' A I I X A ’, , .
..?.?.?.?.?.?.?.,}}}33 surface oxide
Y X X X X XX TV

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

Jessassaaazass .,i 5’:, Chemisorbed O
o .:.?0?.?.?.?.?.))1” surface oxide
9000006672

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
""""" Chemisorbed O
UHV surface oxide
.;.f.;.;.;.i X
000000007

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

) : . O K-edge XAS: Signatures of high-coverage oxygen layers

outof plane inplane | O(KVYV) Auger electrons
K.E. ~ 500 eV

o
(@)
o

Ptoz — 21 ML hn = 525 to 555 eV
5 ' e
a ﬁ%_ S azing incidence
. c _
PtO S, . ey, &
> HME DREEIGTN 222
— s Va2 @YoV ay - - \ 4
= PR gV S V"
w '. ’“A"\’ » v""‘/‘_. —-
S Ve 2o Y% Y% ' VY
e 0.7 ML
0.6 ML
Chemisorbed O 0.2 ML
Lol dadlalalal
528 530 532 534
hv [eV]
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Oxygen Species on the Pt(111) Surface

....... theory
— experiment

sy a-PtO2/Pt(111) .
&, 1B Experimental spectra

* Binding-energy scale
determined from O 15 XPS

e
.......

‘. oxide stripe .
" 0. 5 ML Theoretical spectra
/1 L ;;.._ * Half-core-hole transition-
potential approach in GPAW
‘.:::‘\““-'-'-'--.-.-,..... p(2 x 2)-0 . ' ' ‘ '
= PEX2) Mgluple scatteting s'1mu1at10ns
/&E ® o using FEFT qualitatively
0.2 ML O Pt il
Lo datatalalla simuar
bulk PtO -1012345
¥ hv - E; [eV]

bhases
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Reactivity of Chemisorbed O, PtO (40-Pt), and PtO, towards H,

Pt 4f XPS and in-plane O K-edge XAS O GasPhase H, Op Gas Phase H,0
ex situ after dosing o° %o Qo

2 X 10 Torr H, at 300 K Adsorbed 0 P10 Qb _ Adsorbed W
Vo o AL
BTV I s ¥y e
e oYe Y - ,‘.’,’

-°[chemisorbed -+
40 =

:. —
-é ; g rface-e-
S, [ F00p ¢ SIS
>|0 K-edge NEXAFS Pt 4f XPS 0 05 1.0 1.5 2.0
D hv=275eV
— 21ML o [T T T T 1
S — 0.9ML[19.9LH,] ©0.8f-interfacial Pt-+ -
2 — 0.6 ML[37.6 L Hy] ® trilayer Pt
£/ \- clean 30.6— -
004} -
©
c
8021 -
(&)
. | B ok surface-e-
mlhuxuuLhauLuuhamamhuu_//_luJ.uJ.l.LLLu.LLLuJ.u. U'O‘O | 1 | ] ]
528 530 532 534 73 72 71 70 0 10 20 30 40
hv [eV] B.E. [eV] H, dose [L]
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Reactivity of Chemisorbed O, PtO (40-Pt), and PtO, towards CO

0.34 ML 0.54 ML 0.38 ML

&> & SERY - 48R - SR

O 1s and Pt 4f: Thick a-PtO, films are inert to CO

1.0— (b) = 08 MMM MIALIMS
3 C = emjsorpe
0.9 = -~ 07 g_Pt 4_)‘5/2 XPS
0.8 3 = Ehyv=275eV k. Surface
3 3 : 8 6E—034ML: PO, '
< 079 PtafXps — > E —— 0.54 ML: PtO, + 0
g g hv=735eV - “n 3
> 3 : ® 05FE——0.38MLPtO,+0+11CO
% °®3 —oLco 3 = 3
e ] 2 o TR 0.00 ML: Clean
g 05 ——2000LCO E € o4F
kS 3 g 3
5 F Q 03F
E E =k
S : S 02F
z0 C 3 5 3
1 . Zz O01f Pt|02 y E
1 asz0xk 00 T : N
0.0 P = 0.0 T E
IlllllIIIIIIIIllIIIIIIIIIIIIIIIIIII'IIIIIIIII'IlIIIIIIIl
80 78 76 74 72 70 78 77 76 75 74 73
Pt 4f Binding Energy J. Am. Chem. Soc., 136, 6340 (2014) Binding Energy (eV)
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Reactivity of Chemisorbed O, PtO (40-Pt), and PtO, towards CO

Adsorbed O domains are more active than o-

PtO, trilayers
3-0:|_llIlIlllIIlIlllIIIllIlIlIIlllIlIlIIllllllllllllll_|:
;O A ~ < oo S E
é) (C.O} %@% 2.5 :_ 1 X 10 Torr _:
- (;If-F’to2 .
s *°F o a-PtO, + PtO -
E’; - o -PtO, +p(2 % 2)-0 ) -
INCREASING REACTIVITY o 15% E
> - -
o - -
Fgy&E "
a-PtO, PtO Chemisorbed O 0.5 -
- 2 X 10" Torr ]
0.0:I-IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII-l:
o 1 2 3 4 5 6 7 8 9 10

CO dose (L)

J. Am. Chem. Soc., 136, 6340 (2014)
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Theoretical Treatment of Chemisorption

LCAO: linear combination of atomic orbitals Chemisorption

Weak chemisorption little of the metal

density of states is

antibonding ab* \\‘\\\ projected onto the
Adg%rilt):lte = adsorbate
Gas phase ¥ A
j \ Broad band,
y \ e.g. sband
\
/ ﬁ \
A / \ Strong
// \ chemisorption  Antibonding adsorbate level
\ .
é; // \ A interacts strongly
8 P X _______ \ B = TS with a narrow band
Lﬁ a p ! 7 b T ,/’/
\ / he # ”
\ (04 / P el
X & 3 / Narrow band,
bonding ! ; Bonding e.g. d band
ab

The Anderson-Grimley-Newns approach: the types
of electronic states that arise after chemisorption
depend not only upon the electronic structure of the
substrate and adsorbate but also the coupling strength
between the adsorbate and the substrate. The
adsorbate levels may end up either inside or outside
the metal band.

The antibonding state is generally more antibonding
than the bonding state 1s bonding, § > a. Consequently,
if ab and ab* are both fully occupied, not only 1s the
bond order zero, the overall interaction is repulsive.
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Local electronic structure

Change in local electronic structure at an atom upon

adsorption on a simple metal
Sharp gas phase atomic states are broadened and shifted down due to interactions

with the metal

Vacuum Coupling to s Coupling to d
i R - i

~~
=

()
S

T e e
P
W
Adsorbate DOS Metal DOS

2025.04.21
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Position of the d-band center determines the strength of the
adsorbate-metal bonding

\Adsorbate state
after interaction
_1 0 with d-bands

<«—— \Weak chemisorption Strong chemisorption —

Hammer and Norskov
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Scaling Relationships

Trends in catalytic activity are also valid for Strong Weak

adsorption binding energy oe
..l Volcano curve
Example: oxygen adsorption |
Gas Phase O, < 1.5 F
o0
Chemisorbed O  Chemisorbed O, Physisorbed O, 2.0
T<750K T<130K T<45K w "."° i
‘:;’2’:’ "'{o"'f’f"?“ o 2 -1 0 1 2 3 4

. s e Yo' Ve Yo Yot
L 06 0 3k 24 26 266 24 8 4
Voo Ye Yo Yo Yo Yo %e &

2
KL P8 24 24 24 24 24 24 2L AL >
»

h 6 ¢

precursor

> >
OO () [ = o e e e L
: u.‘?
(=

2 physisorbed

'g precursor

= =0

Y chemisorbed

g T

atomically rrrT
adsorbed

31# B, (eV)
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Strain and Ligand Effects

Strain and ligand effects
modify the electronic

structure of the catalytically
active materials

Strain

Ligand
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Compressive strain: Pt on Cu(111)

Coverage dependent compressive strain

on Pt shell

On the Cu(111) surface, Pt
overlayers are compressed due to
lattice mismatch, however, this
compressive strain is relaxed with
increasing the thickness of the Pt
overlayer

Lateral strain (%)

0 2 4 6 8 10 12 14 16
Pt coverage
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d-band Center

d-d overlap

E (eV)

E (eV)

Strain induced change
in Pt valence

Hard X-rays

[
|

Intensity (arb. un.)

Valence band HAXPES
hv=8 keV

<

down shift
in d-band center

1 I 1 I 1 I 1

= =
P Agy
/\/\ T | T T T I T T T T T
Pt L; edge XAS
— Pt foil
—29 ML
—1.8 ML

SESAME SUNSTONE

6 4 2
Binding energy (eV)

Less Pt states above
the Fermi level

11564 11568 11572
Photon energy (eV)
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Strain induced change in the overlap
between d-states leading
to a change in the d-band width.

Change in the d-DOS, shift of the
d-band center can be probed
by spectroscopy.
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Electronic Structure on Chemisorbed Oxygen on Compressed Pt on Cu(111)

The anti-bonding states of oxygen atoms are
populated due to induced strain in the Pt films.

anti-bonding

Pt 5d

Populated antibonding states:
Weak Pt-O chemical bond

SESAME SUNSTONE

I | ! | | | ! I
XES . XAS O K-edge XAS and
Bonding Y Antibonding XES
2.6 ML Compressive
3.3 9% strain
e
>
£
S
2 3.5 ML
2128 %
9
£
Pt(111)
0% No strain
1 | 1 | 1 | L | | L |
10 8 6 4 2 0 -2

Binding energy (eV)

Nat. Chem. 2, 454460 (2010)
2025.04.21
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Electronic Structure on Chemisorbed Oxygen on Compressed Pt on Cu(111)

The anti-bonding states of oxygen atoms are
populated due to induced strain in the Pt films.

anti-bonding

Pt 5d

Populated antibonding states:
Weak Pt-O chemical bond

SESAME SUNSTONE

I | ! | | | ! I
XES . XAS O K-edge XAS and
Bonding Y Antibonding XES
2.6 ML Compressive
3.3 9% strain
e
>
£
S
2 3.5 ML
2128 %
9
£
Pt(111)
0% No strain
1 | 1 | 1 | L | | L |
10 8 6 4 2 0 -2

Binding energy (eV)

Nat. Chem. 2, 454460 (2010)
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Identifying the Surface: Photon Energy

BE=hv-KE - ® ;45

~711 eV 2 100-200 eV

Fe,O,
Fe 2p;;, 3+ 2+
hv=1020 eV ——

) A : The surface of
: Fe,0, is Fe?* rich

Intensity(arb.un.)

hv=880 eV

717 714 711 708 7.14. 711 708 705
Binding energy (eV) Binding energy (eV)
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If you need to identify

* Surface elemental composition
e (Chemical states
e Surface electronic structure

\ 4

All you need 1s XPS and XAS

But the technique also offers

* ARPES (UPS): complete band structure

* Ambient pressure XPS: XPS in gas or liquid environment

* Photoelectron diffraction (XPD): Periodicity of the surface
* Photoemission microscopy: spectral imaging

* Time-resolved XPS, ARTOF (Time of flight)
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