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The ambient-pressure X-ray photoelectron spectroscopy (AP-XPS) with synchrotron radiation
can be utilized to elucidate chemical states at surfaces of materials under near-realistic
pressure environments. Catalytic reactions proceeding at surfaces have been used for various
applications such as pollution control, chemical synthesis, and energy conversion. However,
the reaction mechanisms of catalysis have not been fully understood yet at the atomistic level.
We have developed an AP-XPS system at the Photon-Factory of KEK and performed in situ /
operando monitoring of catalyst surfaces under near working conditions. Herein, we review our
AP-XPS studies on adsorption and catalytic oxidation of
carbon monoxide (CO) on Pt-group metal surfaces under
pressures ranging from UHV to sub-Torr order, which is a VHEY)
prototypical model reaction suitable for understanding
catalytic  reaction mechanism. We found that ‘ o°o 3 L Y
high-pressure-induced adsorption states and catalytically

o8

é °)

active phases are formed under near ambient pressure

conditions that play a crucial role in the catalytic oxidation. ()
We applied the AP-XPS analysis also to other types of N
surface processes such as activation of powder catalysts o

via Hz treatment and H: sensing with metal thin films. In the
last part, we briefly give comments on the future prospect
of this technique.
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Figure 1. Evolution of catalyst surfaces

w

before, during and after reactions. If the
catalytically active surface is only formed

during the reaction conditions (e.g. case 2

and 3), operando observation is requested.
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Figure 2. Schematic image of the AP-XPS
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Figure 3. Synchrotron radiation facilities
around the world, where AP-XPS systems

are installed.
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Figure 3. (a) Pt 4f XP spectra taken under
different CO gas pressures. (b) Top views
of model surface structures for the
CO/Pt(111) Adapted  with
permission from ref. 7. Copyright 2014
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Figure 4. Surface energy diagram (y) for
the CO/Pt(111) system.

Acc. Mater. Surf. Res. 2021, Vol.6 No.5, 151-160.

https://www.hyomen.org

Pt [ZH K72 U iy NElE -, =i, B
EEZEDSAET 20 L (Langmuir, | L= 107
Torr*s)?® CO % #&#z T 5L . B & T TT~L
L7z COMAEITHRT D DF7-72 2 B hs
NNV T OFERVFE B Sz, 2
AUX CO N M D top A b bridge YA MZ
W5 L7= c(4X2)-2C0 (0 = 0.5)DREE MR TERY,
SN EERT, ZORENS CO DE
H1% EFH-&HET 50 mTorr &35 & Pt 4f
XPS AT MIVOFRIRDZEAL LTz, BEARAY
Wi, U RSBk L, R VIZ B, T K
SIEEI U=, 20D Z E134ATHEME PR
T2 CO DfER L. REDOWAIRE -
DAL LTz E#FRLTND, Cls XPS A
AR S IVOFENTROE —JREREH I L D A
J MU alb—a OFERNSIETID
BWEEICE W T E®EICWI9 X
V19)R23.4°-13CO (0 = 0.68) & FETHL 5 5%
FEOWFEREE N EBLI N TV D L i LT,
FIH R Z VT, BE, B
BAIZX T DR O RENMEZ R TRl F
VX —(y) % FHE L 7= (Figure 4), il 2 15
JENZHRIGET DILFERT v v & LT,
B HFERT ¥ BN TR /SN
KT RNV —% 5 2 DHENE L TE
R END 525, I 2 TIE=IRFHT
IZBWT, =) EFIC - THREMHIED (4
X 2)-2CO 76 (V19 XV19)R23.4°-13CO ~ &
TAbT 5 L EiECTE D, fERMSETIX, &
BEZETOREEIZHSNT ¢(4X2)-2C0 1
W HDHVE CO MREIZT v LKA
LTWAHIREEZ AL LTE AT =X
LDFERITOND ZENREnoT-, ZD
FERIL, JEN & BRI AN RS A
=X LDFERDPNE R T L ER LTS,

3.2 PdERELD CO BILRIE

Pd |3 H By ELPET A A i T
HEEMEFCHD, Tz i PA(111), (100),
(110) R EH LT CO BLSEZD
Gl 9% Z & CAMRETE 14 & il oD 2 A i
EOBURMEIRA B L=, "2 Pt R4 R
23175 CO B b DTEMEARIZE B LT-F9EE

154



Acc. Mater. Surf. Res.

BELIFHET D, T2, CO BRLSUEDE D
BERIZESNT, @E F CORIGEAT=Z L

RERSNTVD, LML, T8 Moy
TP RIBLN TR, B CFHR A2 2D
e BAAE U T2 M W1, SIS T M 25 1 03 8
{LAIRBEZ2 DD, HDHVNT A BIRIEZ 2D E A
DAL,

Figure 513, Pd(100) . €7 /il 2
WCREEDHATAE FTO CO ML G EE
BOMTMS)BL Y AP-XPS TEDOHHIEL
TR RAERLTNVD, ZZTIECO L0, DE A
£ 1% 324 20 mTorr, 200 mTorr £ L7-,
Figure 5(a)ld. IS TARK LT CO, (mle =
AN DR ERRAFMEE 7R L CUND, COp R ERIT

9
(@ _ s}
3 7t
L6t |
é" 5| PO;:2x1072Torr
g 4l P.,=2x10" Torr
2 3]
= (6]0)
2+ 2
0
=1t
0

0 50 100 150 200 250 300 350 400
Temperature (C)

pd3d,, L e) fers

336.5 eV _
LE J 'E

’c?
N

XPS Intensity (a.u.)
XPS Intensity (a.u.)
(¢]

| 2eee eV/N' 3349eV | r - ]
A LA Y ]

338 3é7 356 3é5 31‘*)4 333 289 288 287 286 285 2é4 283
Binding Energy (eV)

Binding Energy (eV)

Figure 5. In situ AP-XPS experiment of the
CO oxidation reaction over Pd(100)
surface. Each component in Pd 3ds2 peak
is assigned as follows; 334.9 eV, bulk Pd;
335.5 and 335.9 eV, Pd bonding with CO;
334.6 eV, subsurface Pd; 335.4 and 336.2
eV, Pd surface oxide; 335.9 eV, partly
reduced Pd oxide; 336.5 eV, Pd bulk oxide.
Reproduced with permission from ref. 11.
Copyright 2012 American  Chemical
Society.
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Figure 6. Model structure of the v5 surface
oxide on Pd(100).

Table 1. Experimental and calculated CLS
of Pd 3d core-level for the V5 surface oxide
on Pd(100). Reprinted with permission from
ref. 11. Copyright 2012 American Chemical
Society.

species exp. CLS (eV) calcd CLS (eV)

Pd(bulk) 0 0
Pd(2) 0.5 0.54
Pd(4) 1.3 1.34
O(u) 0 0
o(d) 0.8 0.55

Acc. Mater. Surf. Res. 2021, Vol.6 No.5, 151-160.

https://www.hyomen.org

1E3 5, EOMICHAZMT D &, RHEH
SAMUNCIR O L7z O JR7-(O) & . P
IZAVIAATE O JFT(0(d)D 2 FEEANFAE
T 5, REBICWTEDILZROGMEIZEIE
THREIIZH O NI > TRV, Zh
F CORBEEZESRMTOWEN L, B
iE CO WALt D RIEMERE & /e ST
o = HTONEEILHLFEME, HIZIX
KREGM T Tl S REIZEREHE D
B S D AIREMED B D

T ARG VT XPS A7 hLD
VIal—arEiTol, I 2T
ERDE—IMBOMRFZRLF—FETH
% core level shift (CLS)% % — R BEFH R 2 K&
S TR, EERFER L bl L7-, Table 112
B LA DI CLS O Highs 5
"9, CLS OEER{E & GRS iy B
W—HZR L TERY, AEsSHIZ R e
B AERR LT D 2 & R TE T,
PA(100)E 2% C . Pd(111)E=>(110)f 72
E DM Pd HLAE fhFR I A IV T2 FEERGRE R
M D PLIEAEE TORRERAEIINTE XD
&L RENDEBEED O fHTEDIL TV DIK
RECHRUCDMNERICEITT 5 2 E 2 bivd,
F7-. 22 TR LT Pd filt A v - CO
Fe Ak BSOS LA I & . Rh filt i 2 FH v 72
CO-NO [Zitx PR Ag filif 2 e =F L v
DERF AL 78 EORFGE BT LT
HDTEY, TNENDRINZBWTIES
DEFEWNRERBICEE L 252 L2 R
HLTWa,

4. BIROAERIEOERZICH(IT
4.1 EE€RELTOMERE
FlIBE D VEAE ORI 2 1) XD
RFBRLLCRMELELEOAGBILNZE TN
%, Fx XN ETIC Pd-Au'™", Pd-Rh'S,
Pt-Ni" 728 4 DGOV T AT -
THEY, FASCHE FIITRFL T, @EDT
ALEAE T CHAER LT R R ST G A DR
AR IEDE ARENDZE BN TS,
ZZTIEHIELT Pd-Au(111) &4 Hifks
i LD CO LIS ETTHERAAI

156



Acc. Mater. Surf. Res.

T 5, 7 Pd-Au &40E Pd AL R TX
DRV EEE S TR 38 CO BB LA
1TTDHIERHESILTCND, Figure 7 1E CO
FeAl S D Pd HR L Pd-Au A& K H & b
LI R ChDH, ZZ2TiE 0,/ £% 100 mTorr,
CO [£=% 10 mTorr &L TV 5, Pd 3ds, XPS &

O1s Pd 3ds»
I CO(g) Pd 3pap

Pd70Ausg(111)

XPS Intensity (a.u.)

536 534 532 530 528 337 336 335 334 333

Binding Energy (eV)

Figure 7. In situ AP-XPS experiment of the
CO oxidation reaction over Pd(100)
surface. Adapted with permission from ref.
17. Copyright 2017 Royal Society of
Chemistry.
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Figure 8. (a) Schematic model of the
Rh-MoOx/C catalyst. (b) Rh 3d and Mo 3d
XP spectra under the reduction process
with a Hz pressure of 0.2 Torr. Adapted with
permission from ref. 21. Copyright 2021

American Chemical Society.
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