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g J Catalytic Surface Reactions

Water formation on Pt(111) Carbonyl formation on NiAu

Besenbacher et al. (Aarhus Univ.)

attractive but not simple
phenomena.....

Nagasaka et al. (Univ. Tokyo)
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Surface science analysis of
each elementary step

AT
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Precursor-mediated adsorption Hot atom formatlon on adsorption

-

for O,/Pt(111) for O,/Pt(111)
k T. Zambelli et al. Nature 390, 495 (1997). J. Wintterlin et al. Phys. Rev. Lett. 77, 123 (1996).
~— Surface diffusion

Surface diffusion of atomic N
from a step on Ru(0001)

T. Zambelli et al.
Phys. Rev. Lett. 76, 795 (1996).

J
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X Surface science analysis of
o each elementary step

Reaction pathway of CO oxidation on Pt(111)
deduced from DFT calculations

A. Alavi et al.
Phys. Rev. Lett. 80, 3650 (1998). )

(b) 6 =0
\ \
i %
S S e
—_ T L/ COs ; . N2O
90" 90" -90° Y 90°
[001] — — [001] [007] — — [001]
Angular distribution of desorption species via CO+NO reaction on Pd(110)

\_ T. Matsushima, Surf. Sci. Rep. 22, 127 (1995). j
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=+ _In-situ observation with microscopy

a __ N

Spatiotemporal evolution of chemical
waves of CO oxidation on Pt(110)

S. Nettesheim, A. von Oertzen, H. H. Rotermund
and G. Ertl, J. Chem. Phys. 98, 9977 (1993). )

~

Site specific reaction of CO
oxidation on Pt(111)




Keio University

& In-situ observation with spectroscopy

z‘fa,..h 1ESR {.;56

m From the early days, partial pressures of gaseous species
were monitored . - Mass Spectroscopy

-

Ny

m Observation of surface species with SR-based core-level

spectroscopy SR Synchrotron
(\ ) Radiation X-Rays

X ray

Electrons




:i SR-based X-ray spectroscopy (XPS & XAFS)

XPS XAFS

—

EXAFS

ok
| edge
UK

NEXAFS

Es

X-ray

X-ray 1s

Absorbance

» Chemical states for substrate and adsorbate
» Geometric and electronic structures



g SR-based electron-detecting techniques for
in-situ monitoring under UHV conditions

e fast-XPS
e fast-NEXAFS
* Micro-XPS

an-top

three-fold hollow

Wavelength-dispersed SES-2002 Auger NEXAFS
X rays electrons Speci'jn
‘ 1

Intensity [arb. units]

0
Electron Kinetic Energ;a)‘\o"

two-dimensional detector
o gm Eme WS e x . position (photon energy) JES 2002.

Binding Energy [eV] 3 :
y : electron kinetic energy

CCD camera

Previous our studies...
CO oxidation NO reduction H,O formation

J. Chem. Phys. 122, 134709 (2005).  J. Phys. Chem. B 110, 25578 (2006). J. Chem. Phys. 119, 9233 (2003).
J. Chem. Phys. 124, 224712 (2006).  J. Chem. Phys. 127, 024701 (2007). ~ J. Chem. Phys. 122,204704 (2005).
J. Chem. Phys. 126, 044704 (2007).  J. Phys. Chem. C 113, 13257 (2009). ~ Phys. Rev. Lett. 100, 106101 (2008)

Appl. Phys. Lett. 99, 074104 (2011)
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©. In-situ observations under UHV conditions

-
\

Langmuir-Hinshelwood mechanism
both for Pd and Ir under UHV

Phase-dependent reactivity both for Pd and Ir under UHV

Pd(111) Ir(111)
(V3 X V3)R30° disordered

ast slow
\ J. Chem. Phys. 124,224712 (2006). Appl. Phys. Lett. 99, 074104 (2011).
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&, Practical catalytic reaction under
ambient-pressure conditions

mivity of PGM catalysts for the NO \

reduction by CO under an ambient-
pressure (AP) condition

1.0

Pd and Ir catalysts:

0.8 NO conversion

0 CO selectivity|—

0.6

0.4

0.2

0. LS =
503 533 583 593 A. Wang et al. Appl. Catal., B, 40, 319 (2003)
Temperature/K
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Q. NAP-XPS at the Photon Factory

LES
Crapya
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Q. NAP-XPS at the Photon Factory
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&, NAP-XPS at the Photon Factory

1R "
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%@ NAP-XPS at the Photon Factory

XPS Intensity (a.u.)

P, -2><1O Torr Pd3d
-/\‘
\ 300°C
Bulk oxide
230°C

Surface oxide

NC

Chem. O + N
Surface oxide

338 337 336 335 334 333

Binding Energy (eV)

33R 337 336 335 334
J. Phys. Chem. Lett. 3, 3182 (2012).

“Actual NAP-XP spectra taken at BL-13A with E,;,, = 100 eV

Photon Energy = 435 eV
Sample: Pd(100)
Gas: O, 0.2 Torr

Temperature Dependence

Good agreement with
previous results obtained
under a similar condition

(Gas: O, 0.5 mbar)

(PRB 83, 115440 (2011) )
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Sample: Pd(100) Gas: up to CO 0.5 Torr

(@)

XPS Intensity (a.u.)

338 337 336 335 334 333

Formation of high-density phases

Pd3d,,

CO(Il)

Binding Energy (eV)

(44 2 xy2)R45°
Surf. Sci.. 615, 33 (2013).

(37 2 xv2)R45°

(), K K & K

e
&, &
it at -l

695909 5
5950565,
5 5 5 6
(1 x1)-CO
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6 NAP-XPS at the Photon Factory

“Actual NAP-XP spectra taken at BL-13A with E,., = 100 eV

Sample: Pt(111) Gas: CO 108
_(I:l.‘; :’..;’\ | I_' '_P'[I 4fl o x/1;-13(:lo

XPS Intensity (a.u.)

. 0.8+
\"-, 50 mTorr | [

. I I |
Coverage (ML)
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£ & 1r 200 7
s |
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Pressure (Torr)
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Binding Energy (eV)

Formation of high-density phases

c(4 % 2)-2CO| |

Phys. Chem. Chem. Phys. 16, 23564 (2014).
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Solid state
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o
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117, 16343 (2013).
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%@g Active Surface for CO oxidation on Pd

IRI’I‘!{‘%}

5
¥ G

Ultra High Vacuum; 10~ Torr

Previous results for Pd surfaces Near Ambient Pressure: >10- Torr
"(?) Chemisorbed O/Metal A
cmisorne cta - 0).0) 0 o
MB > Ertletal., J. Chem. Phys. 1978, 69, 1267. ‘)J A 9) 9
XPS) Nakai et al., J. Chem. Phys. 2006, 124, 224712. (@) T (@)«
AP-Mass Chen et al., Surf. Sci. 2007 601, 5326. Metal
PM-IRAS Gao etal., Surf. Sci. 2009, 603, 65. Langmuir-Hinshelwood
\§ J
(" N
(:) Surface Oxide - |
9009 9
SXRD van Rijn et al., Phys. Chem. Chem. Phys. 2011, 13, 13167. 99 * o @
SXRD Gustafson et al., Phys. Rev. B 2008, 78, 045423. “."J.'.". <
Metal oxide
HP-STM  Hendriksen et al., Surf. Sci. 2004, 552, 229.
Mars-van Krevelen

g J
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© In-situ observation using NAP-XPS

o
Qtd'l]- LESR r‘dt-ﬁ

CLADNT

Oxygen-rich condition

Active phase for CO oxidation

Py, =2 %101 Torr
on three Pd surfaces? P = 2x 102 Torr
",
‘ 0 ‘..""'"'n'."\““
6 0‘5 oo
2 . Mass spectrum
& ’ ' ' /-.'-u.w-"-"""j €O,
8 & ‘ 50 100 150 200 250 300
CO & G0 Tem g
perature (°C)
© o co, & 24
4 % XP spectrum
e ® §  “Pd3dg,
-ra S ) s .
y ’) ":‘."" a __,_/ :
‘i{.“\ Pd(111) \
LCTOX PA(100) oot
> B888. 33 /3368335 + 334 3393
® Pd(110) Binding Energy (eV)




%@% CO oxidation on Pd(111)

Oxygen-rich condition NAP-XPS

Po, =2%x 10" Torr
Pco =2 %102 Torr

O 1s & Pd 3p;, -
Po, =200 mTorr & i
[ Pco= 20 mTorr &

e
o

OO
<t ™

XPS Intensity (a.u.)

Temperature: 300°C 3
| S
3 %
Partial Pressure .
540 536 532 528
8.0 : a" | T— | T 1 Binding Energy (eV)

6.0+

- <D
m%"‘«iﬁ '
o5

40t x ¥
4> ",

20t

Partial Pressure ( 10 Torr)

oop ¥ e0,: ., - =
0.0 0.5 1.0 15 2.0
active Time (hour)

J. Phys. Chem. C 116, 18691 (2012).
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%&?g Structure of surface oxide on Pd(111)
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S

Surface oxide: (V6 xV6)Pd;0,

= 3-fold coordinated O
40 = 4-fold coordinated O

Ols &

intensity [arb. u.]

] ] 1 ] I
532 530 5287

E. Lundgren et al., Phys. Rev. Lett., 88, 246103, (2002).



©  CO oxidation on Pd(111)

Partial Pressure NAP-XPS
0
00 05 10 15 20 540 536 532 528

active Time (hour)

(V6 x\6) Pd;0, surface oxide

E. Lundgren et al., Phys. Rev. Lett., 88, 246103, (2002).

~

dominant phase

(\/6X\/6) Pd.0,
J. Phys. Chem. C 116, 18691 (2012).



MS Intensity (a.u.)
O 2N WP OO N O

CO oxidation on Pd(100)

Oxygen-rich condition

Po, =2X%10" Torr
Pco = 2% 1072 Torr

Increasing temperature

CO, intensity

...............

P, =2x10" Torr
P_.=2x10" Torr

2 1 1

0

50 100 150 200 259 300 350 400
Temperature ('C)

NAP-XPS

336.2eV 334.6 eV

XPS Intesity (a.u.)
XPS Intenisty (a.u.)

338 337 336 335 334 333 290 289 288 287 286 285

Binding Energy (eV) Binding Energy (eV)
<190°C > 190°C
CO poisoning surface oxide

J. Phys. Chem. Lett. 3, 3182 (2012).
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CO oxidation on Pd(100)

1SR
qud‘
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o

X

NAP-XPS

(a)
Partly reduced
D

Surface oxide

Temperature (°C)

Interface
C
A
CO-Pd Bulk
A

338 337 336 335 334 333
Binding Energy (eV)

CO, intensity

400

100

300

200

0

2 4 6

MS Intensity (a.u.)

30

N 40

> 190°C
surface oxide

=

<190°C
CO poisoning

(V5 x V5)R27°
surface oxide

J. Phys. Chem. Lett. 3, 3182 (2012).



CO oxidation on Pd(110)

XPS Intensity (a.u.)

w
7
]
3
Temperature (°C)

NAP-XPS

CO, intensity

@ Pd 3ds), | (b)

e
D 300

= 200}

100

0
338 337 336 335 334 333 0
Binding Energy (eV)

1 1
2
MS Intensity (a.u.)

1
4

30
M

30

> 165°C
Chemisorbed O

=

<165°C
CO poisoning

(7 x3)
Chemisorbed O

J. Phys. Chem. C 117, 20617 (2013).



W CO oxidation on Pd surfaces

Po, =2 %101 Torr
Peo =2 %102 Torr Activation
CO poisoning : PdO bulk oxide
pd(11n) [ >200°C
CO poisoning ™ PdO bulk oxide
pd(100) [ 190°C

CO poisoning ;"";Chemisorbed O

PdO bulk oxide

pd(110) [

165°C

CO, formation rate

Temperature (°C)

/ Active Phases for CO oxidation on Pd \
Both Surface oxide and Chem-O can be

reactive depending on surface orientation.

. J

J. Phys. Chem. C 116, 18691 (2012).
J. Phys. Chem. Lett. 3, 3182 (2012).
J. Phys. Chem. C 117, 20617 (2013).
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®@ Surface oxide and Chem-O
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High-density oxygen are accommodated in the active phases in common:

0.8 ML V6 surface oxide/Pd(111)
1.0 ML V5 surface oxide/Pd(100)
0.86—0.89 ML  Chemisorbed-O/Pd(110)

Pd(100)

Surface oxide
O-M-O tri-layer

Pd(110)
Chemisorbed-O

O-M-O planer layer
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M?j In-situ Observation using AP-XPS

B Rh
CO oxidation on Ru(1010) 45

under near AP conditions

Pd(110) Ru(1010)
Similar ridge & trough surface structure



Keio University

®&.  CO oxidation on Ru(1010)
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Ru(1010)
Metallic Surface

1/ Active surface \
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i 2+ ¢O 2 i
0= —— 2

Binding Energy (eV)

RuO,
Bulk Oxide

-
‘.' e _f e

RuO,
bulk oxide

J

depends on

| element of PGM

Surf. Sci. 621, 128 (2014).

CO, Intensity (x10™° Torr)

Ru 3d;, Peak Area (a.u.)
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A. Fujishima, K. Honda, Nature 1972, 238, 37. Y. Tachibana et al., Nat. photonics 2012, 6, 511.
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. Mn-oxide/Nb:SrTiO; . BAB D B - B 1 HH 4R
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