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In situ XAFS in Catalysis - merit,

demerit and measurement.
Scope

Physical Chemistry Chemical Physics (PCCP) is an
international journal for the publication of cutting-edge
original work in physical chemistry, chemical physics and
biophysical chemistry. To be suitable for publication

in PCCP, articles must include significant innavation
and/or insight into physical chemistry; this is the most
important eriterion that reviewers and the Editors will judge
against when evaluating submissions.

KiyOta ka ASa ku ra The journal has a broad scope which includes

|nStItUte for- Catalys|s, spe:!rns.cclpy..dynamlcs. kine:l.cs. s|a||st|c.a.1 mechanics,
. B . thermodynamics, electrochemistry, catalysis, surface
HOkkaIdO U anGI’SIty, science, guantum mechanics and theoretical
developments. Interdisciplinary research areas such as
Sapporo, Japan g T :
polymers and soft matter, materials, nanoscience, energy,

surfaces/interfaces, and biophysical chemistry are
welcomed if they demonstrate significant innovation
and/or insight into physical chemistry. .

In situ(¥ M15) and operando (& &H) ln-operandolin,sﬁﬁ
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S EXAFS?
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Operando XAFS
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Step Scan XAFS 10min

Quick XAFS ms—s
TRk, MK, BERRIEFEITHIG.

DXAFS Y4 0s-s
BB EDFH
FUTLDE—HERERT D

S8 ® Institute for Catalysis

LCAT y—

A technique that can Main hutch Experimental hutch
measure one EXAFS

spectrum in a short time (a

few seconds in our system) i i i
by sampling signals from i — L--% ______________ %_ _l

ionization chambers and DMM DMM
monochromator (AD7461A) (AD74614)
continuously with scanning (‘l\
the monochromator (on the VBEOG g\ |
fly).
[nD2818] [Pm1sc-0axD - :
1
R Control  Control
- 1
rogram I PC
SSTAR I \vB2008)
2ner, | I
I ————————— -4
Trigger (TTL) LAN
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Change during the reduction.

Slow but high aualiii)y and Fluorescence XAFS is applicatble.
1 K. K. Bando, Y. Kolke, T. Kawal, G. Tateno, S.
T. Oyama, Y. Inada, M. Nomura, K. Asakura, J. Phys. Chem.
XANES € 2011, 115, 7466-7471 10.1021/Jp11657z.
Every 1min
20
FT
15
V]
:{' 1
o5t I Every 1min .
0g - 2 -
8320 8330 B340 B350 B360 8370 B3B0 8350 B400 %_ -
Energy / eV 3.
R110'nm
S8® Instiute for Catalysis
H
3 @ HOKKAIDG UNIVERSITY

QXAFS Studies in SP8 (2004-)

1. K. Okumura, K. Yoshino, K. Kato and M. Niwa, Quick XAFS studies on the

Y-type zeolite supp au for CO-0-2 J Phys Chem B.
109,12380-12386(2005).

K nK

3 13 1 :

i }
K K L) t
X K Ll 1
A
. . o g [
Figwrs 1. P K-ode EXAFS F ra s [

= |
R R e i TS Tioe

rate, $ K min~',

Phuton Encrgy / 6V Photon Energy | eV
Figure 2. Au Ly-edge NANES of § wt % Au loaded on () H-Y and K. Okumura, T. Honma, S. Hirayama, T. Sanada and M. Niwa, Stepwise
(b} Na—Y¥ eolite measared in a 10% H; flow. Temperature mmping Growth of Pd Clusters in USY Zeolite at Room Temperature Analyzed by

QXAFS. J.Phys.Chem.C. 112,16740-16747(2008).

Fig. 1. Stepwine growth of I clusters s the supercage of USY zeolite

K. Okumura, T. Honma, S. Hirayama, T. Sanada and M. Niwa, Stepwise Growth of Pd Clusters in
USY Zeolite at Room Temperature Analyzed by QXAFS. J.Phys.Chem.C. 112,16740-
16747(2008).
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Pasition Sensitive Detector(PDA}

I 'n
‘\
q [+]
5’&%2%5{
q r

QXAFS & YDXAFSH L AOULVTT .

gasin

l /M

polychromelter

T gas out
jpink beam

in situ cell

A. Suzuki, Y. Inada, A.
Yamaguchi, T.
Chirara, M. Yuasa, M.
NomuraandY.
Iwasawa, Time scale

and elementary steps
of CO induced
disintegration of
surface rhodium
clusters. Angewandte
Chemie Inter.Ed.
42,4795(2003).
Bpscies A Intarmisdate B Intamnodiata C Bpsiatiirs D
% &
@ - -Gk i
A, =, Sk
600 ms 2000 me ADDO ms
17 kmad
LiFePO,  RITS
electrode

1.M. Katayama, R. Miyahara, T.
Watanabe, H. Yamagishi, S. Yamashita,
T. Kizaki, Y. Sugawara and Y. Inada,
Development of dispersive XAFS system
for analysis of time-resolved spatial
distribution of electrode reaction.
J.Synchro.Rad. 22,1227-1232(2015).

@ HOKKAIDO UNIVERSITY

Hydrogen

reaction on Pt

nanocluster
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A.Suzuki, to be published

0.7
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foration)
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Pump Probe XAFS setup for Photocatalyst "'°“da'F“jima effect

AIFRS I E B S AhE

Sample: 0.6 mM WO, suspension
pump laser: 400 nm 270 mJ/cm2@945 Hz e UV-Vis of W03
X-ray pulse width: 100 ps(FWHM) 3 o8
Boxcar g 06l
2t
WO, suspension 11 pumy ol
1.28 usf-784 kHz T

Wave Length / am

1.06 ms{-945 Hz)/"’: T - !i‘fj]

1.06 me{~045 Hz)
]
oy
’
Laser
Pre-trigmers from PF-AR
080 Lo, R. Abe, et. al. J. Am. Chem.
J. Synchrotron Radiat. 2007, 14, 313. @ Soc. 2008, 130, 7780-7781
@ J. Synchrotron Radiat. 2009, 16, 110. through two-stap phatoexcitaion

Uemura, Y.; Uehara, H.; Niwa, Y.; Nozawa, S.; Sato, T.; Adachi, S.;
Ohtani, B.; Takakusagi, S.; Asakura, K. Chem. Lett. 2014, 43 977.

Decay of X-ray absorption

Aut = A -exp (—kt) + B

0.2

3.0 0.1 2
25 ™ 0.0 .
20 -0

= £ .
1.5 02

1.0 . -0.3
—— Excited state

05 — Ground state] , , —
~®— Aut 150 ps ’

—Iv-Apt-:}:’JDps
10200 10210 10220 10230
Elev 2 0 2 4 & 8
The excited state decayed in 10 ns.

: \I{j«/ﬂ Tuccessfully fitted with a single exponentlal function.

0.0

HOKKAIDO UNIVERSITY
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Assignment

White line

Intensity is related to 5d empty state.

Low valence gives smaller white line
0.2

This is a dipole transition from 2p3/2 to 5d state.

If 5d is occupied, white line decreases.

2nd derivatives

e
niy -

—— Excited state|

05 —— Ground state | I
W 10200 10210 10220
ray / eV
At -300 ps e e T
0.0 1 L 1 I 4-0.5 nd . . T -
10200 10210 10220 10230 2" derivative 0" WP, 09
& ‘,!t O,
EleV L05a830
»Tj_i’,i?;{'—';
see ~uencu EQ orbitals are occupied by excited electron WO,

@ HOKKAIDO UNIVERSITY

Photoexcited State of WO, : L, XANES

Uemura et al. Chem. Lett. 2014, 43, 977-979
W 5d°
y 3s5F T T T T
o J: —F o e
9 3.0} = Aut = 0.1
tyy —— 25
= 00
20 3_'
2p k-1 u
15 dns =
0.1 ,,:
10
— Ground state]
05 192
0.0 1 | g 1
10200 10210 ' 10220 10230
EfaV
.E. ™1 | Oxygen 2p is excited to 5d eg ortbital not the m of d band
.i. HOKKAIDO UNIVERSITY
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Conclusions from XANES

Is it possible to excite the electron to e,?

Energy is necessary
. 5 i >6.0 eV!!
E x2 . 2 @
:' _ffh'hlu ' t . .
O e e g Excitation energy of laser
-.rP- 2 _dr:
[7)] Py ,)/\
) SSVONEEE R V.. N 3eV
O x2 —p,
W:’L el 020
2 E -,
1
£6 420 2 4 6 81012 14
Energy (eV)
S 8@ Institute for Cataly WO30) DOS
-
3 ,IC. D Valentin, G. Pacchioni, >
.g.ﬁﬁ"? a;l-c T an o @ HOKIZAIDO UNIVERSITY
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SACLA : X-ray Free Electron Laser

Experiments at SACLA = SEring-S

Sample: 4 mM WO, suspension
pump laser: 520 mJ/cm2@15 Hz
X-ray pulse width: 30 fs(FWHM)
Laser(~15 Hz, 400 nm) 1~ | Time resolution: 700 fs

_ ‘S HOKKAIDO UNIVERSITY
080 Bl F U B

Uemura, Y.; Kido, D.; Wakisaka, Y.; Uehara, H.; Ohba, T.; Niwa, Y.;

PhOtoeXCitation Of W03 : XFEL Nozawa, S.; Sato, T.; Ichiyanagi, K.; Fukaya, R.; Adachi, S.; Katayama,

T.; Togashi, T.; Owada, S.; Ogawa, K.; Yabashi, M.; Hatada, K ;
Takakusa, S.; Yokoyama, Y.; Ohtani, B.; Asakura, K. Angew. Chem.Int.Ed
2016, 55, 1364.

=) Three distinct peaks were
found in the differential spectra.

peaks A ,B, C : decrease of
absorption from e, orbitals ~

200 ps

peak B which was not found in
the previous experiments was
observed.

Aut

. ] st

1 L 8 A L 1 1
10190 10200 10210 10220 10230 10240
ETa HOKKAIDO UNIVERSITY
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Changes of X-ray absorption at Peak A, Band C

T ; ; ¢ SRR
8 o 10 ! Peak A ]
1 [ edumeas
= < °f:;5‘5% 1= Qﬂ’gi?ao‘?@& %?Q&f
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Photoabsorption is accompanied by the
edge shift because of O2p to W 5d

s m..i 6.5 ps
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Comparison of derivative and difference spectra

0

hift

derivative [T T
4 0.3

Due to edge g

0.2

Difference spectra

0.1
E £

AE=04 eV 0.0

. 1 '0‘1
Occupation of d-state by

photoabsorption — Aut -0.2

ok ! ——dut/dE*0.4 ,
_ l 101901020010210102201023010240
Shift downward Energy / eV

and filled

W?5* is created during the photoabsorption
@ HOKKAIDO UNIVERSITY

Due to edge s

tzg p— mnr‘zrofr;n:
! r: <
i
i

EBased on the orthorhombic
istable at higher temperature

E 8 E B

st 1 Based on Monoclinic;
stable at room temperature

|k [ Ground state

Structiire channe necure afferwards Experimental
26— —r—r— Y90, 03w, Lner 10 mUas* 408 rm
E
R b DJD 10 o 10 ?‘0 ki) 40 =0 &0
nereasing inr by
gu- 0.004 nm and i
it Large aisoraer Calculation by Prof. Hatada
| am? o == . .
| b Structure transformation induces
v aakor
o[ more t2g and less eg
o
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Scheme after the photoabsorption.

k,=0.007 ps" Orthorhombic like
WO, local structure

ry — WEE‘
Structure change

hv

k,=0.00056 ps1
relaxation

WO, (Ground state;monoclinic)

ceeese
L ]

CAT .

In situ EXAFS
princilple put window away from furnace.

Window
(Acrylic resin) Water
Gus\i\/alcr Sample | Gas
T uple +

The

Xeray[]
I =

To 1
! Heater\ ¥
O-ting wager 0\ TS Water

Quartz Tube

High pressure cell Z.Phys.Chem. 144,10 J-Synchro.Rad.8, 581(2001).

J.Phys. 5(1985).
Chem.93,4213(1989)

X-ray absorption,
Principles, applications,
techniques of EXAFS,
SEXAFS, and XANES,
New York, John Wiley &
Sons, 1988.

12/7/2019
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Conversion reaction of methane to hydrocarbons.
Methane

————————————
/ H H
| \ /
CcC=cC
| < \
| H H
l 0=0=0 IBIZ
S0, e
M/SIO. [ ™ — B
Fe/SiO,{M 3 8
Co/SiO-{ml B Naphthale
NUSiO2 Toluene
CuISiOY ™1 B Benzene
Ga/SiO | mmmmmm W Propylenc
Ge/Si0, 1l Acetylene
Mo/SiO, Il M Ethylene
L — Ethane <> In/SiO, is a prominent catalyst for non-oxidative
i0, . .
Pd/SIO, (-l coupling of CH, [2].
| ]nfSiO; I I 1. Nishikawa, Y.; Ogihara, H.; Yamanaka, L, Liquid-Metal Indium
tet] r— Catalysis for Direct Dehydrogenative Conversion of Methane to
S\zjg;gz -‘I’ Higher Hydrocarbons. ChemistrySelect 2017, 2 (16), 4572-4576.
2
Re/SiO, |l
PUSIO, { M1 At 1000 K
AWSIO, 1
Bi/SIO, | I—
0 1 2 3
Hydrocarbon yield @ HOKKAIDO UNIVERSITY
/mmol g, >

XAFS measurement cell

XAFS cell was made-up of
quartz glass.

2. Resistance up to 1373 K even
in H, or CH, gas flow. Hokkaido University

Fabricated at Technical Division,
Institute of Catalysis,

@ Institute for Catalysis

LCAT Y
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Activation process => Dynamic change occurs.

In catalysts are activated under the CH4 flow up to 1073 K

8 . s : S b
os mel s Noil
L2k : ' \ ’ ' RT L0 RT

0.0 0.5

=-1.2}

AR RS A 430K
w 8Tk T g7k

e BT
e 1073K IJ‘ :
i TR

2Kk

1073K

0.0 |— s - Lt i T
sl AN u 00— f'j-f-f”j»—--—-{
- 0 1 2 3 4 5 6
0 2 4 8 10 12
kA ik
e i I U B w FMUARMRAILLALY UNIVEICHL 1 Y

s In-situ XAFS was used to identify

the structural changes of In/SiO, Metamorphosis like
during the activation process s uam, G nyin,
s i “')_ | i

At300 K : In metallic particles
At430K : liquid In

At873K : In-X/SiO,
In-X might be the Indium carbide

At1073 K: In-X was disappeared AR D
and CO, appeared in QMS i

Kashaboina, U.; Nishikawa, Y.; Wakisaka, Y.; Sirisit, N.; Nagamatsu, S.;
. . Bao| D.; Ariga-Miwa, H.; Takakusagi, S.; Inami, Y.; Kuriyama, F.; Dipu, A.
At 1173 K : Fresh llqllld In phase L.; Qgihara, H.; Iguchi, S.; Yamanaka, |.; Wada, T.; Asakura, K. Chem.
Lett.|2019, 48, 1145.

TCAT F e
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Activated under different conditions.

10wt% In/SiO, under CH, , H, and He flow activation

Rep.

. . . 0 20 40 60 B0 100 120 140 160 180
We increased the temperature with 10 K/ min, — "
| 100A o '
from 300- 1173 K. iz =20 Cate CaH) g =
5 miz = 30 (C;Hg) x20 "" e g
> 1 600
Temperature profile sy  me-«cymy® N\ £
E o mzzmcoyx0 . LS 2
£ 27wz F N E
N ¥ mz=T8GHIR0 N\ N[ =
9—’ miz = 18 (H,0) x5
> miz = 32 (0;) x100
] 20 40 60 80 100 120

Time on stream / min

% We found strong reduction of In K-
edge jump in He flow activation.

«* Reproduced 3 times.

< It indicates more In loss in He flow

. _than that of others.
Edge jump of In K-edge e tiom
l:. Institute fior Catabysis Edge height I
[ ]
L 4 |
ole T e 00 @ HOKKAIDG UNIVERSITY

Fourier Transforms of k3-weighted EXAFS

« Peak at 1.5 A related to

. lighter element (O/C)

) & attached to In.

; = i
= Il 1173 K

He flow

3 :
R/A =
= o
2 1
1173 K =
= o
= = } —frer O, @ 1173 K|
= e E 03+
= ' He > CH,
X —, 02
=
=
L)
i na v
L e [ 1 2 3 4 5 o
3.4 5 6 RIA
. 1A

15



12/7/2019

Hypothesis
In/SiO, during TR I S
the activation melting  pommemmem- :
: + “C” :
CH‘ > ee 29 >! >
X
1
1
H, i Reduction >
—_t0”

Formation,
Sublimation }

5
N
V

Plausible pathway.. In203 is volatile at 1173 K
(http://www.Americanelement.com)
Vapor pressure of In at 1173 K is 8 * 10-3 mbar.

’ [: AT @ HOKKAIDO UNIVERSITY

High pressure cell under high pressure gas.

liq.Nz Reservo

100 atriv' " = Btk L
“ 10 Vacum Tﬂl‘w Lok | 0 issx\as‘:’.
. ‘ iy o o Cu/} % [?,0{0 ;ﬁo.?-z

S o
2
)
o
o ©
o
—

Be window

X-ray (SOR) —» ] = . - o

)
g
Fl
&
=
Amplitude /arb. uni
? S o =
Iﬁg L
Nwp
>
|
& 3
3
i

Asakura, K.; Iwasawa, Y., Extended
X-ray Absorption Fine Structure
Studies on the Structure Change of

the Al203-attached [Coll]4 Catalyst Cool down the WindOWS SO

during a CO Oxidation Reaction.
J.Phys.Chem. 1989, 93, 4213-4218 that we can use Be window
or thick Plastic window

@ HOKKAIDO UNIVERSITY
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Oyama, S. T.; Wang, X; Lee, Y.-K.; Chun, W.-

Hydrodesulfurization(HDS) catalyst ) 4Catal 2004, 224, 263.

It removes sulfur compounds from fossil fuel.

QO _. 00

@ NS+ H,S

S

Reactions are conducted under high pressure
... condition in the presence of oil.

LCAT ) moxcamo tavimsiry

34

mmeECTtZ5EMIE?
Demands are “window materials must stand for high
pressure and high temperature at the same time”. i
- Capillary cells
¢ But curved window causes thickness effects
- Diamond, Be and Al Flat windows.
¢ Expensive (diamond) or toxic (Be)
r

¢ Diamond, Be and Al are chemically and thermally not so
stable. -

N

J. D. Grunwaldt, et al. G. Sankar, and J. M. Thomas,

g:g‘;‘;‘;’,;t"’"' Sl bl el Rev. Sci. Instrum. 76, (5), Topics.in Catal. 8, 1 (1999).
. 054104 (2005).

@ HOKKAIDO UNIVERSITY
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Cubic BN 2FHIZHELVME

i Torratbind

. : . . Sumiya, H.; Uesaka, N., High purity cBN
CublC BN s SGCOHd haldeSt matenal polycrystalline its high pressure synthesis and

Tensile strength — 1078_7 Mpa its fieature. New Diamond 1999, 15 (4), 14.
Diamond=2000 Mpa;Be=260 MPa
Previously cBN was made using binders and stregths was reduced.
Recently direct formation of cBN without binders by directly conversion at high pressure
(7.7 GPa ) and high temperature(2400 K).
(Sumitomo Electro Engineering Co. Dr. Sumiya)

It is thermally stable upto 1273 K and chemically also stable.
600 UMD EA T+ o 7aEiE M E30REDM A

36

Kawai, T.; Chun, W. J.; Asakura, K.; Koike, Y.; Nomura, M.; Bando, K. K.; Oyama, S. T.;

A ce | | d rawi 1] g . Sumiya, H. Review of Scientific Instruments 2008, 79, 014101.1.d
=] [

Cartridge heater

C-BN |
11z (0. 5) &4 e

Cross section

Volt

R

S
SUS315
3.5kg
i
B 4 “* Fixed screw hole
: TEET
L 3

12/7/2019
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37

XANES of Ni,P under reaction conditions.

Before reaction

15 10
(b)
1.0f h
= (c)
0.5f
0,0 : : ;
8300 8350_ 8400 8450 8500
Energy /eV

30%/E613K ET/L;BHMDXAFS

20 wt% tetralin, 77 wt% tetradecane, and 3 wt% DBT,
80cc /min H,

LCAT

v (k) oscillations of Ni K-edge

XANES for Ni,P on Si0, before
(a) and during the HDS
reaction 10 h and 24 h after
the introduction of oil (b) and
(c), respectively. The Ni,P was
reduced at 723 K and cooled
to room temperature. The HDS
was carried out at 3 MPa and
613 K.

1.Kawai, T.; Chun, W. J.; Bando, K. K.; Oyama, S. T.; Sumiya,
H.; Asakura, K., A high-temperature and high -pressure liquid
flow cell to measure operando XAFS spectra under the
hydrodesulfurization reaction. Rev.Sci.Instrum 2005.

2.Kawai, T.; Bando, K. K;; Lee, Y. K.; Oyama, S. T.; Chun, W.
J.; Asakura, K., EXAFS measurements of a working catalyst in
the liquid phase: An in situ study of a Ni2P hydrodesulfurization
catalyst. J.Cat. 2006, 241, 20-24.

3.T.Kawai; S. Sato, K. K. B., W.-J.Chun, S.T.Oyama,Y.-K.Lee ;
K.Asakura, Active Phase of Ni2P Observed by an Operando
XAFS. In TOCAT2006, Tokyo, 2006.

EXAFS of Ni,P under reaction conditions. 38

x(k) oscillations of Ni K-edge EXAFS for Ni,P on SiO, before (a)
druing the HDS reaction 10 h after the introduction of oil (b).

2 [Ni,P structure DHLH
TREAEATRLN.
RISHEETHD.

0.2 ]
Before reaction
a
0.1 )
< 10h
0.0}
b)
-0.1 :
2 4 10 12

@ HOKKAIDO UNIVERSITY
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High pressure liquid cell

window must be tolerable against high pressure and temperature.

Cubic BN is Second hardest material
Tensile strength = 1078.7 MPa
Diamond=2000 Mpa;Be=260 MPa

0.2
|

Before reaction
0.1 f\/v’\r—
nob .
During reaction

(k)

39

0.004- Al

_U'L L 1 1 1 |
2 G 8 10 12
k /A

XAFS of Ni,P in the presence of Oil
At 673 K; 3 MPa

_ Stable!!

BABB inairvue for Catahe

voozl [\ g .
ey P 1% Mo A i
0.0007 e

0002
0.004

[ 10
k710 nm

Difference spectrum
Ni-S—=8.227um

FA Iz UBBRIE (ARE) DBRER R I

Ni - S (FEFF)

HDS at 553 K

HDS at 513 K

40

Simulated XAFS based on Ni-S bond

CN=0.1, R=0.227 nm,

«|HDS at 593 K * CF results of Ni-S

R=0.227 nm; CN=0.1.
* Judging from the ratio of
surface Ni to the bulk ~0.5
S/Nig,,~0.2
* Little reaction temperature
dependence

LN
—) Ni Ni Ni
\P/ \P/ \P
e
@Hommmoumvnnsrw

12/7/2019
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41
But what is Ni-S for?

Ni-S is a spectator ?
Ni-S is a poison ?

Ni-S is included in an active site?

We carried out the simultaneous
measurements of in situ quick
XAFS,IR, and product analysis.

888 I

XAFS,IR, [ Iitx & R ) 52 4 [5] B 58 78

35 mg, 15 mm © disk

{ \ Sample : Ni,P/MCM-41
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XANES, IR and MS changes during 513 K
Bando, K. K.et al J Catal 2012, 286 (0), 165.
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Reaction mechanisms

Bando, K. K.;et al J Catal 2012, 286 (0), 165.
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Simultaneously measurement of IR,XAFS and QMASS
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1. Operando XAFS—High penetration ability.

2. High pressure Less than 100 bar and high
temperature less than 1200K are possible.

3. Future BZEMDH. EIRILIF—57E, R
T, MEZDLDNBNTNDEZICEDFFAIE,

https://youtu.be/ugzqLxiOISM?t=11

(https://www.youtube.com/watch?v=jljxDWbh3ADs)
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