¢ X-ray spectroscopy In the service of
Bl catalysis for renewable chemicals and fuels
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Qutline

Operando experiments using XPS

Lignin — a potential renewable feedstock

In situ characterization of industrial NiMo
catalyst

Nanoparticles as model system

Conclusions
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What is a catalyst?

 Swedish chemist Jons Jakob Berzelius

« A substance that modify the reaction
rate of a chemical process without
being consumed.

« Powerplants, industries and cars.

Jons Jakob Berzelius
¥1779-1848
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CO oxidation on simplified model systems

CO oxidation

Complex gas phase

Low-index surface

Vicinal surface

Porous material
supporting catalytically
active particles

X >

nanoparticles

LUND

UNIVERSITY
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EXx situ vs In situ Studies

Study the surface during
exposure of gases

1. EXpose ga: 2. Study the surface

Why in situ?

o 2
N ANATIZS)
055>

UNIVERSITY



X-ray Photoelectron Spectroscopy

Detector

Light source

Incoming X-ray is ionizing
the atom and the kinetic energy
of the photoelectrons are detected.

Eb=hV'Ek

LUND

UNIVERSITY



Surface sensitive and chemical information

(N5 X \5)R27°

O 1s

337 336 335 334

532 530 528
Binding Energy (eV)
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CO oxidation over Pd(100) < 1 mbar rE

0.25 Torr CO and 0.25 Torr O,

a) Ois b) Pd3d, c) Cis

T T
hv=6506Y  pd 3p hv=435ev  ,bulk hv=435eV

i

Intensity [arb. units]

LUN

“In Situ X-Ray Photoelectron Spectroscopy of Model Catalysts: At the Edge of the Gap” UNIVERSITY

S. Blomberg et al, Phys. Rev. Lett. 110 117601 (2013)



Laser-induced Fluorescence

Probe the flame with laser to
achieve information about the
chemical composition.

Common technique used in combustion physics

Side View

Formaldehyde OH-radicals
CH,0O

LUND

UNIVERSITY



CO oxidation over Pd(100), detecting CO,

Height / mm

LIF signal / mbar
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S. Matera, S. Blomberg et al, ACS Catal. 5 4514 (2015)
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POLARIS endstation P22, DESY

New design Tot gas flow : 3.5-5 I/min - 1bar
Peter Amann - Stockholm University

XPS
detector

&
T

) b L Grazing Incidence
Hard X-rays

0.6 degrees
hv = 4600 eV
' gas outlet e '!'ap'e'rture
“A high-pressure x-ray photoelectron spectroscopy instrument for studies “Bridging the Pressure Gap in CO Oxidation” LLI N
of industrially relevant catalytic reactions at pressures of several bars” S.Blomberg et al, ACS Catalysis, 11, (2021) UNIVERSITY

P. Amann et al, Rev Sci Instrum, 90 (2019)



CO oxidation Pd(100) @1 bar

* 1:1 CO:0, - 6% CO and O, each in He, tot flow 5.18 I/min with

Pd3d;, Cis
480

475

458
441

o N
N A

Temperature [°C]
w W w
~N O
w O

540 535 530 338 337 336 335 334 295 290 285 LUND
Binding Energy [eV] UNIVERSITY



Pressure dependent light off
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Szanyi, J.; Goodman, D. W., Co Oxidation on Palladium .1.

A Combined Kinetic-Infrared Reflection-Absorption Spectroscopic Study of Pd(100).reactivity of different Pd-O species in CO oxidation. Phys Chem Chem

J Phvs Chem-Us 1994. 98 (11). 2972-2977

Light-off temp vs CO part pressure
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Gabasch, H.; Knop-Gericke, A.; Schlogl, R. et al., Comparison of the LU ND
UNIVERSITY

Phvs 2007 9 (4) 533-540



From meter to nanometer and back

12 reactors — @ 0.6m X 1.8 m catalyst bed

| Reactor- @ 1.5 mm X 2 cm catalyst bed
-In situ X-ray techniques for characterization
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Transition to sustainable aviation fuel

Renewable feedstock

Competence cEntre in Sustainable
Turbine fuels for Aviation and Power

-

crops

WR) § e
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AWAR 1,
| ¥ \\\-. \ \\ ~ Af

Al AR 7 N;_.
=~ 2 AN e

« Transition from fossil feedstock to renewable feedstock is urgent!
* Net-zero carbon emissions from air transport industry by 2050. S,
* Competence centre CESTAP — sustainable aviation biofuel ULU ND

NIVERSITY

www.ec.eurona.eu



Valorization of lignin, a byproduct from papermills

Smurfit Kappa
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Courtesy of Emilie Hillner

Sweden is the 3" largest exporter of pulp and paper in the world




Hydrotreatment of lignin

catalytic reaction

Ligninbased reactorl
feedstock

"~

SEM image of a catalyst

Hydrotreatment of
lignin using NiMo
catalysts LUND

UNIVERSITY




Chemical reactions

Feedstock Chemical reaction Products
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Characterization of Alumina supported NiMo

STEM T STEM / EDX |

2.4%Ni7%Mo/AL,O, e NEMo- AL, 2.4wt%Ni 7.0wt% Mo

2. 7wt%Ni 5.0wt%Mo

2.7%Ni5%Mo/Al,O5

INIVERSITY



UHV

Simplified systems

Pressure (mbar)
10-11
- 10-10
— 109
— 10
[::: 107
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Simplified model system — 10

PXPS nozzle

- 104
— 103
— 10—2
101
1

10

100
1000

Industrial catalysts
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APXPS In situ reduction —1 mbar H,

Beamline: Hippie

NiO

Ni foil

(a) hv = 1800 eV
600 °C

.

500 °C
—

= 400 °C
©

5

2

B Ni®

o Ni2,;
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£

300 °C

868 863 858 853 84
Binding Energy [eV]

8

Foil as model for an
industrial catalysts
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APXPS In situ reduction —1 mbar H,

Mo foil
(a) 600 °C
hv =500 eV
M04+
MoO,
500 °C
'g' 400 °C
Mo Vot s
MoO, Mo* 2
MoO, Mo*6 E»
- 300 °C
200 °C
M Mo®+ 2 5
MoS* S g
\ MoOs w L
240 235 230 22¢ UNIVERSITY
Binding Energy [eV]



Foil vs supported catalyst

Mo foil Mo/Al,O4

n ¢ ~ Foil reduce at higher temp
e

NiMo/Al,O,

~ Bimetallic cat reduce at lower temp
Ni foil Ni/Al,O4

‘ ¢ ~ Foil reduce at lower temp

A
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LUND

UNIVERSITY



Design model system

Mo (atomic %) TEM- XEDS mapping
_ 34 o & e

Nanoparticles from spark ablation

71 : “Mo<1105

“Bimetallic nanopatrticles as a model system for an industrial NiMo catalyst”
S. Blomberg et al, Materials. 12 3727 (2019)

UNIVERSITY



In situ 140 mbar reduction

Ni 2p Mo 3d
hv=4600eV  Njo+ hv=4600eV  pjetal Pressure: 140 mbar
Ni2py, Mo 3d 0.32 I/min H,
1.3 I/min He
300°C ‘,Mj
Mo?
200°C
Mo
M06+
100°C
OH
30°C
M 6+
30°C
3Ni 3Mo &0 o
rr 11T 11 T T T T T LUND
864 861 858 855 852 240 237 234 231 2128

UNIVERSITY
Binding Energy (eV) Binding Energy (eV)



From complex to simplified systems

guaiacol
*%

catechol

:#: v
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catalytic reactor biomass
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Combine Imaging and Spectroscopy

X-ray spectroscopy
Mo 3d

KE=1220 eV,

KE=920 eV

KE=720 eV

atomistic
structure

KE=500 eV

gas-catalyst \
interaction

KE=300 eV

nanoparticle
E-TEM
high energy electrons chemical

2 \ composition
catalytic = = =

° materials - :
seee H u lte be rg renewables Binding Energy [sV] uLNlﬁl/ E[;Isll?g
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