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X-ray micro-spectroscopy, tomography,
and operando conditions

Chemical imaging using XAS

Florian Meirer
Utrecht University
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Chemical Imaging

Chemical imaging is the analytical capability

Normalized absorption xu(E)

-) to create a visual image of the distribution of the

-) components of a sample by

-) simultaneously collecting spectral and spatial (or time) information
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Chemical imaging and the fundamental
guestions in science:

1. What is there and where is it?
2. How does it work?

3. How did it come to be this way?
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Why X'rayS? Below: Kidney blood vessels. Angiography
(blood vessel X-ray) footage showing a radio-
1. What is there and where is it? opaque contrast medium (dark) being injected
. . . by a catheter (right) into a 35-year-old
— Create a visual image different from what you oatient's right renal artery. Y
see using visible light... Source;

www.sciencephoto.com

=> X-rays can provide a different view of things:

Wi s Gmpsheoen G Wintherge Bl woi IS

W G Mbntgen: Ueher clne nowe A §

Left top: Vincent van Gogh, Patch of Grass, Paris, April-
June 1887, oil on canvas, 30 cm x 40 cm, Kroller-Miller
Museum, Otterlo, The Netherlands

Left: Tritonal color reconstruction of Sb (yellowish
white) and Hg (red) representing the flesh color of the
hidden face.

Reference:

J. Dik et al., Anal. Chem. 2008, 80, 6436—-6442

Top left: Rontgen's first X-ray, of his wife's
hand, taken on Dec 22th, 1895.

Top right: Réntgen's first report “Uber eine
neue Art von Strahlen. Vorldufige Mitteilung.”,
1895
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X-ray Spectroscopy

Chemical imaging is the analytical capability
-) to create a visual image of the distribution of the
-) components of a sample by
-) simultaneously collecting spectral and spatial (or time) information
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X-ray Imaging: 1895 and Today

Left:  Rontgen's first x-ray, of his wife's hand, Reconstructed tomography dataset of lacuna
taken on Dec 22th, 1895. ) from mouse bone (tibia) imaged in absorption
Right: Rontgen's first report “Uber eine neue contrast with 40nm 2D-resolution.
Art von Strahlen. Vorldufige Mitteilung.”, in: Aus
den Sitzungsberichten der Wirzburger Phys.-
med. Ges. Wirzburg. S 137-147, 1895;
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The concept is old and materials are still the same...

TXM at beamline 6-2 at the Stanford Synchrotron
Radiation Lightsource (SSRL

... but the tools have
somewhat improved after
more than 100 vyears of
technological development
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X-ray Microscopy

Optically-coupled
CCD at image plane

Detectors
X-ray
sources
zone plate

Ha;td X-rays Measurement

synchrotrons modes Data analysis

Lab sources Full-field mode Image processing
Scanning mode XANES imaging
Fluorescence imaging Data mining
Transmission imaging Multivariate analysis

Phase contrast imaging
Chemical imaging
Tomography
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X-ray Microscopy

Types of (real-space(!)) x-ray microscopes / imaging techniques:

a)

Projection imaging:

Specimen
plane

Detector
plane

Lensless imaging; a small diameter X-ray source projects the
specimen onto a pixel-array detector

b) Scanning probe X-ray Microscopy:

an X-ray micro/nano probe is formed and the specimen is

raster-scanned to build up the image

Area detector:
Microdiffraction

Area detector:
» Absorption contrast

\ - Differential phase contrast

Sample

Energy dispersive detector:

Crystal X-ray fluorescence

monochromator

Rotation for
diffraction
Area detector:
Nanoprobe Hard X-ray « Absorption
miror system g f!ggis‘?:\agt? + Phase contrast
‘ Beam defining 3
¢ 4 aperture (small) ool Phase ring
8 ample
N 4 B
Dual collinear 4 Condensor
undulator zone plate

(scanning) Hard X-ray

zone plate
(imaging)

Crystal
monochromator Rotation for

tomography

c)

X-ray
source

R1

Above: Scheme of a projection microscope with
the source to specimen plane distance R1 and
specimen to detector distance R2.

Full-field Transmission X-ray
Microscopy (TXM):

sample is illuminated by a modestly
focused x-ray source and an objective
lens magnifies the image of the sample
onto a pixel-array detector

W

Beam defining
aperture (open)

Full-Field Transmission Mode

(1): In contrast to reciprocal space techniques, i.e. diffraction imaging

7



LN

Universiteit Utrecht

X-ray Microscopy
Types of | X-ray optics
' 1 . 1 1
reflecting diffracting refracting absorbing
mirror optics -| Fresnel zone plates compound refractive -| filters, windows
lenses (CRLs)
-| photon sieves
-| apertures
-| monochromators

- Kirkpatrick-Baez mirrors rotational sym. CRLs - slits

- Bragg mirrors < capillary optics l D prismatic CRLs L pinholes
= Multilayer mirrors _ _
- Wolter telescopes poly capitary optics

B mono capillary optics

.beamstop I :'f..Bloc_k direct beam

Polycapillary optics:
" x-rays are guided in a bundle of narrow glass capillaries

beam direction

Monocapillary optics:
X-rays reflect only once inside an imaging capillary;
all rays are focused to one point.
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X-ray Microscopy
Types of | X-ray optics
' ) . 1 1
reflecting diffracting refracting absorbing
mirror optics beresnel zone plate;_! compound refractive - filters, windows
i lenses (CRLs)
-| photon sieves
-| apertures
_ ) ) -| monochromators ) .
- Kirkpatrick-Baez mirrors rotational sym. CRLs - slits
- Bragg mirrors capillary optics prismatic CRLs - pinholes
~ Multilayer mirrors . .
- Wolter telescopes poly capiflary optics
kL eaa mono capillary optics

\ ZPs are circular diffraction gratings with
<1 radially increasing line density. The spacing is

arranged so that the first order diffracted
waves all meet at the primary focus.

A zone plate lens is fully
specified by three parameters:
wavelenght A, outer zone width
Ar, and number of Zones N.
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X-ray Microscopy
Types of | X-ray optics
! ) L ) 1
reflecting diffracting refracting absorbing
I !
mirror optics -| Fresnel zone plates [—oompound refractive—| -| filters, windows
I_lenses (CRLs) ]
-| photon sieves
- apertures
, ) ) -| monochromators ) )
- Kirkpatrick-Baez mirrors rotational sym. CRLs - slits
- Bragg mirrors capillary optics prismatic CRLs - pinholes
- Multilayer mirrors . .
- Wolter telescopes poly capiflary optics
11— mono capillary optics

Because the refractive index of the air in the holes is higher than the refractive index
of the material, the holes in the bar act as cylindrical lenses.

10
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Is it all about resolution?

Microscopy today — what do we have?

Microscope Type Detect Resolution Contrast
] ] 500 nm bright field
transmitted light
o . 500 nm phase contrast
visible light X .
scattered light 500 nm dark field
fluorescence 50 — 500 nm label
electron microscope (TEM) scattered electrons 0.1-1nm heavy metal stain
scanning electron micr. (SEM) secondary electrons 3-10nm surface relief
scanning tunneling micr. (STM) tunneling current 0.1 nm surface atoms
scanning force micr. (AFM) force on probe tip 0.5 nm surface relief
X-ray projection microscope transmitted x-rays >1000 nm absorption
) ) 15-30 nm 1 @ |absorption, XANES®)
X-ray microscope (TXM) transmitted x-rays
25 nm phase contrast
. . ) absorption
scanning x-ray microscope (STXM) |transmitted x-rays 25 nm

XANES (chemical)

fluorescence

<30 nm up to mm

Elements, XAS

X-ray nanoprobe / micro-probe

diffraction

<30 nm

strain

X-ray microscopes are particularly powerful where:

Source:

www.xradia.com

Examples:

Soft X-rays: down to 15nm:
(1) LBNL, beamline 6.1.2

Hard X-rays: <30nm:
(2) SSRL, beamline 6-2

* a resolution better than delivered by visible light microscopes is required
* samples are opaque to visible light
* easy sample preparation is desired
e samples are too thick for transmission electron microscopy
* bulk information is required (i.e. information on the 3D structure of samples)

11
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X-ray Microscopy

Range of experimental spatial resolutions (pink)

| STXM (10KeV) ’ | The range of sample thicknesses is limited as
a consequence of the X-ray attenuation but
. , -1 also by spectral deformations due to
| I ‘ (1%?6“&) | saturation effects. The red vertical lines

indicate the diffraction limited resolution R of
the X-rays, given as R (hm) * E (eV) = 620

L

o | STXM (300eV) -

- STEM EELS Soft x-ray TXM | Hard X-ray TXM

Resolution 0.1 nm 10 nm 20 nm

u STEM-EELS

Conditions 1 mbar/300C 1 bar /500 C 30 bar / 1000 C

10" 10° /10" 10° 10* 10* 10° 10°

Beam severe damage damage less damage

length scale/nm damage

Range of maximal sample thickness (blue) el =00 S8 < D[
thickness

In-situ nanoreactor nanoreactor capillary reactor

setup plug flow

Detectable all elements Z>5(C) Z>21(Ti)
elements

From: F.M.F. deGroot et al., ChemPhysChem 2010, 11, 951 — 962

12
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A large FOV - full field mode

1.) Example: FOV: 80 x 80 pixels
=> raster scan with 1 sec. exposure time: ~1.8 h
=> need for extremely short exposure times, e.g. 1 msec.: 6.4s for one FOV

2.) increasing the resolution with a constant Field Of View (FOV)

In order to study hierarchically structured
complex systems at multiple length scales

we need both:
high resolution AND a large FOV

3.) increasing the FOV while keeping high
resolution

Full field technigues do not raster scan
the FOV but use a CCD sensor, typically
collecting images of 2k x 2k pixels.

13
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Example: the Full Field Transmission X-ray Microscope (FF-TXM) -
High resolution AND large FOV

TXM image of Siemens star test pattern recorded at 5.4 keV (30-200 zone plate) at BL 6-2 of
the Stanford Synchrotron Radiation Lightsource (SSRL)

———
——

Image of Siemens calibration standard
with 30nm minimum features.

High spatial resolution and large
FOV (15x15pum? or 30x30pm?)
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X-ray absorption and imaging Beer-Lambert’s Law: |,=I, e

. ==

The image of the sample represents
the local sample transmission of X-rays

= Allows quantitative analysis
following Beer-Lambert’s law.

10000

Absorption contrast takes advantage of the

unique absorption of each chemical element 1000

at a given X-ray energy => elemental imaging

100

Mass absorption Coefficient

10

2 4 6 8 10 12 14
Energy (KeV)

Left: Reconstructed tomography dataset of a Ni-Cu aluminide in an
AISi10Cu5Ni2 piston alloy showing the elemental distribution of Ni and Cu.
(Voxel size: 24 nm3, Sample diameter: 20 microns)

Reference: Y. Liu, et al., Anal Bioanal Chem (2012) 404:1297-1301.

15
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X-ray fluorescence and IMmaging
Continuum Continuum
For elemental imaging for example we can also use the u W o
x-ray fluorescence spectrum {
L

+ simultaneous information about many elements with

K
a single measurement (e.g. tomography) \/Q,\’ /\/\/-;0.

+ higher sensitivity than transmission mode
(=> better detection limits) 3

> 10
10 E
Name: p01_71_ 42518 |-
Scan size: 41x31 pixel _ | 30
Resolution: 10um per pixel. RN N “
10 20 30

Normalized to cps and 100mA ringcurrent. 0 500 1000 1500 2000
Counting time: 1sec. per pixel

10

20

30

40

10 20 30 10 20 30
16
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XANES imaging
Va 1) Collect one high resolution fluorescence
or absorption image at each energy
Ve 2) Align images & correct changes in
magnification
> 3) Trace the absorption value for each

pixel to get single pixel XANES

4) The XANES provides information
about the chemical state of the
element of interest

>

y [um]

/\V_Q;[\A\J

Normalized Grayscale Intensity

17
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Full field XANES data evaluation - some numbers

146 images (905x927 pixels) recorded during scan across Fe K-edge:
=> 146 x 838,935 pixels (15nm pixel size; resolution 30nm)
=> 838,935 XANES

— single scan: 20 minutes — 1 hour Comparison to x-ray scanning techniques:

Record 838,935 XANES spectra using 1 millisecond
exposure time per energy point (e.g. 146) ~ 34 hours

Perform standard XANES data evaluation, i.e. a
spectroscopist is manually processing the XANES?

Spend 10 seconds per XANES spectrum => work for
more than 97 days

=> a fast, efficient and reliable way
to process the data was needed

Development of software package to run TXM-XANES measurements and
process datasets:
‘TXM-Wizard’ [1] freely available for download at sourceforge.

[1] Liu et al., J. Synchrotron Rad. (2012), 19, 281-287

18
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225um

150pm

Normalized Grayscalelntensity

Edge Jump

one field of view = 15x15 micron?; 800 [T HF
pixel size 15nm; resolution 30nm 000, 4’0'0" 800 "

080

FF XANES data evaluation — analyzing millions of XANES

18

181

141

12

1+

08

061

041

02+

0 —

1) E2 —— Hercynite
Magnetite
\\\ ——— Hematite

% Edge jump
= = = to determine
edge energy

Higher edge jump means
higher Fe concentrations:

1 ]
7150 7200

Energy position of edge
indicates Fe valence state:

200

400

600 [

800

7124
7123
7122
7121
7120
7119
7118

200 400 600 800
19
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FF XANES data evaluation — analyzing millions of XANES

Beyond the valence map:
Performing detailed speciation for each pixel
=> creating the ‘Phase-Map’

Using a priori knowledge of present species
inside the sample:

=> |east squares (LS) linear combination (LC)
fitting of known standards to each pixel

=> ratio of the Fe compounds present in each pixel

Hercynite

But can we find unknown phases?
Maghemite Hematite

Yes, we can...

1) ‘Brute-force’ approach:
LC fit using known phases and inspection of the correlation plot of edge-

jump versus the quality of fit parameter R-factor.
2) Multivariate analysis of the whole data set (PCA & K-means clustering)

20
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Finding an unknown phase

25
a)
) Quality of fit
parameter R-factor:
X
= .
EE R > (data — fit)*
o pu—
s > (data )?
g 1
T
w
? '_ 4 "xi‘;:.;.;‘; » .- s & .' ..;-l B o
0 0.05 0.1 015 02 025 03 035 04
R-factor [1]
'C) I ' I I ; E/e\::‘s:’?ngf cluster: 3’
2 e \laghemite M
Hematite

Normalized Absorbance [a.u.]

o

-
T

o
o

m—— Almandine

I I I 1
7140 7150 7160 7170

Energy [eV]

L
7130

Normalized Absorbance [a.u.]

o
®

=3
)

o
~

o
)

o

600

filtered pixels

Cluster 1

"800

71000

Cluster 2

1200

1400

1600 1800 20

Cluster 3

T

T T
—— XANES of cluster: 3 ]
Fit to XANES of cluster: 3

fenIREIRG)

Detecting a region consisting of ~400 pixels
within a total area of more than 2.1 million
pixels detection of a secondary phase that
occupies less than 0.02% of the total volume
of the sample.

1
7120

7130

7140
Energy [eV]

7150

7160

7170

7180
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FF XANES data evaluation — analyzing millions of XANES

Finding an unknown phase
Principal component analysis (PCA) & clustering

1

2
)

200
400
600

2
o

Image segmentation based on XANES similarity
without using any a priori knowledge

S
(Y

800

(=]

=
Component 1 Posterior Probability
Component 3 Posterior Probability

200 400 600 800

200
400
600

200
400
600

terior Probability

800 800

Component 4 Posterior Probability

200 400 600 800

e
)

Component 2 Posterior Probability

e
o

e
bY)

Tl

200 400 600 800

[=)
ES
Component 7 Posterior Probability

)
LA
o o

0.2

100 200 300 400 500 600 700 800

[=)
ES
Cormponent 5 Posterior Probability

200 400 600 800
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FF XANES data evaluation — analyzing millions of XANES

Finding an unknown phase

Fe Metal
w —e— XANES of cluster: 1
w— Hemalite

s Maghemite

% XANES of cluster: 2

XANES of cluster: 6
Hercynite
| —=— XANES of cluster: 3

* XANES of cluster: 4
& XANES of cluster: 5

Image
. segmentation

. a—)

Normalized Absorbance [a.u.]
a
T

: based on ’ ¢
XANES _ . .
e 05— Comparison with reference XANES to find
similarity : o
= the standards to be used in LC fitting
’ t;OTQO 71T00 71‘10 - 71IZO 71i30 71[40 7|l50 71‘60 71I70 71‘80 71‘90 -
Energy [eV]
Hercynite

Maghemite Hematite
& Fe Metal

Fe metal Hematite

23
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2D XANES imaging - Summary

(3) Linear combination fit using

[

= principal components to

° determine ratio of chemical

N .

— phases for each pixel:

£

5 :

= NiO
'F |

Ni metal

(2) one XANES spectrum

[ . for each pixel

umax

Current ‘world record in spatial resolution’ for chemical imaging with XAS: 5 nm

using coherent diffraction imaging
also called ptychography

FePO,

LiFePO,

D.A. Shapiro et al., Nature Photoics, (2014), 8, 765-769
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3D XANES imaging - Expansion in Space

(3) Linear combination fit using
principal components to
determine ratio of chemical
phases for each pixel:

Normalized p(E)

(2) one XANES spectrum
for each pixel

3D distribution of NiO (red)
and Ni metal (green)

(5) Tomographic
reconstruction
of phase maps

Ni metal

Measurement time: ~18h

F. Meirer et al., J. Synchrotron Rad. (2011). 18

25
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XANES imaging - Expansion in Space and Time

(3) Linear combination fit using
principal components to
determine ratio of chemical

phases for each pixel: .
Time

—>

(4) one phasemap / h

>

Normalized p(E)

|

(2) one XANES spectrum
for each pixel

3D distribution of NiO (red)
and Ni metal (green)

(5) Tomographic
reconstruction
of phase maps
F. Meirer et al., J. Synchrotron Rad. - Ni metal
(2011). 18 Measurement time: ~18h

Fe,TiO.

Fe;O, Fe,0O4

l. Gonzalez-Jimenez, et al.,
Angew. Chem. Int. Ed. 2012, 51

26
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X-ray Tomography

©
)
©
e
c
..m —
o O
(] -
-m 7—’
= X
P '
©

(]

-

(]
e
[

Back-projection

Filtering

tion data

(x,z,0)

Projec

Incident X-rays

Back-projection
at different angles

27
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X-ray Tomography

Projection data (x,z,0)

» Analytical algorithms

Object V) in slices in .
Cartesian coordinates Object in sinograms

Tomographic
reconstruction

Filtered Back Projection (inverse
Radon transform)

Fourier slice theorem based
inverse Radon transform (in
frequency domain)

» lterative algorithms

Algebraic reconstruction
technique (ART)

Simultaneous iterative
reconstruction technique (SIRT)

Simultaneous algebraic
reconstruction technique (SART)

Maximum likelihood with
expectation maximization
(MLEM)

Expectation maximization (EM)

(1) Depicted is the so called ‘Shepp—Logan phantom’, a standard test image created by Larry Shepp and Benjamin F. Logan (The Fourier reconstruction
of a head section, IEEE Transactions on Nuclear Science, (1974), Vol 21, 3, pp 21-43). It serves as the model of a human head in the development

and testing of image reconstruction algorithms.

28
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X-ray Tomography

Why tomography?

>

The word tomography means "a picture of a plane”.
(i.e. the plane in focus in the projection image)

Tomographic reconstruction converts the
projection data collected at multiple
viewing angles into a 3D density distribution
in Cartesian coordinates.

This provides full structural information of a
certain object in a 3D coordinate system.

A simple 2D projection image can be
misleading in many cases.

29
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X-ray Tomography

Why tomography?

> s the
Itiple
pution

> n of a
m.

> n be

The word tomography means "a picture of a plane”.
(i.e. the plane in focus in the projection image)

30
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Summary - 2D and 3D imaging

Single image

1
|
|
|
Iy
I
I
e — —

Multiple single One single image for One image for each
images are tiled each angle (typically different X-ray
together to cover a 180 degin 1 deg energy (elemental

larger area steps) imaging, XANES)

Tomography mode Energy mode
SRS \[osaic tomography XANES tomography ERaiBCEUEL L)

' ' ies (~ Element-specific  FENRVANTENENE
Mosaic XANE Nr. of tiles x Nr. of energies (~140) P
tomography

I Mosaic XANES tomography 180 x tiles x energies (~140)

| 180 x tiles x Nr. of elements

Mosaic mode

Element-specific mosaic tomography

31
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Adding another dimension — in situ and operando imaging

-) in situ / operando XANES
-) in situ / operando elemental mapping
-) in situ / operando tomography

32
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- Expansion in time - in-situ and operando imaging

=)

in situ operando

(latin for on site) (latin for working/operating)

describe an event where it takes place real-time measurement of a catalytic
in chemistry: in the reaction mixture process

in spectroscopy: measuring under operating conditions (operando?)

Images = f(t, species,

Z,T,p,V,m,..)

33
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Expansion in time — in-situ and operando imaging
Operando visualization of Iron(lll) fluoride electrochemical reaction

Zone plate

Reflective

Operando
condenser

cell

Pin-hole

Lens-coupled
full-field

i Sample CCD detector
' stage
Li metal X-rays
d v \"\/y
Synchrotron ‘ “ ) Kapton

tape
monochromatic ~ Xrays i
X-rays Electrode

Kapton Battery

tape

L. Li et al., Nature Comm.,

(2015), 6, 6883.
34

X-rays transmit through a perforated
2032-type coin-cell containing the
FeF; cathode and all the other key
components of a realistic battery,
such as carbon black, polymeric
binder and a liquid electrolyte.

Discharge voltage profile

c ! . d
Specific capacity (mAh g, o~ 29 Standard reference spectra
350 100 _200 300 400 500 600 = 4gal
2 kel andfi L:’
330 S12;
4 =3
- 2 08+
2 25[ \§ g
=] 04t
= 2.0 E
Q £ D
E 15 e5!5 x 0.0 ) . j
0 2 4 6 8 10 12 7,100 7,120 7,140 7,160 7,180 7,200
Time (h) Energy (eV)
920 h Data from panel (f)
-el ..
: Map no.
_15 F123 4 5
;1'0 g 0R Polyhedron
0.5 5
g 0 g
2 s 40
215 5
o
g1.0 g%
% c
0.5} » f/ g 80
;( . [ " \J
0 < 'M\cvrowlre 1100 chrc')w:re :
7,100 7,120 7,140 7,160 0 4 8 12

Energy (eV) Reaction time (h)
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Expansion in time — in-situ and operando imaging

[_]sio, b | Carbon K edge
c
Fe,SiO ]
mmeso. §| N\ 1
Bl FeFeCc, 3
x>~y a
©
[ Jcabon 3
N
©
£ 2
(o]
Z

280 290 300 310 320
X-ray photon energy (eV)

Adapting a nanoreactor (designed for high-
resolution electron microscopy) for scanning
transmission X-ray microscopy.

It can be used at atmospheric pressure and
up to 350C to monitor in situ phase changes
in a complex iron-based Fisher-Tropsch
catalyst and the nature and location of
carbon species produced.

a Nanoreactor

adapter | Gas inlets/outlets

} i—===. Electrical connections

Zone plate
lens Order-sorting
- aperture

Scintillator
with
Photomultiplier
tube

Nanoreactor
windows
and heater

Platinum i
heater leads e

Platinum heater

5.5 y 10-nm sin, 1-2-Hm SN, scan ~3° M
Y
X E EE
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E. de Smit, et al., Nature, (2008), 456.
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Fe;O0, Fe,O4
Fischer-Tropsch-to-Olefins (FTO) synthesis:

Studying the dynamic character in the catalytically active
phases under realistic reaction conditions, i.e. high X-rays v
\ objeqtlve

temperatures (350C) and pressures (10bar). : “i|ens '
Condenser -l ]

lens
=

l. Gonzalez-Jimenez, et al., Angew. Chem. Int. Ed. (2012), 51.
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Expansion in time — in-situ and operando imaging

Optically-coupled

Capillary condenser S mage pns
— Sample

__ Pinhole,

.
eSS

-

Objective
zone plate

Fe,TiOqg
A

Fe;O, Fe, O,

Fischer-Tropsch-to-Olefins (FTO) synthesis:

Catalyst under reaction

Studying the dynamic character in the catalytically active conditions (10 bar, H,/CO =1
phases under realistic reaction conditions, i.e. high and 350°C) as function of

time (5h) on stream.
The catalyst is being
transformed into the
reduced iron species, i.e.
Fe;O, (and later FeC,).

temperatures (350C) and pressures (10bar).

s~ 2 I
I. Gonzalez-Jimenez, et al., Angew. Chem. Int. Ed. (2012), 51. FOV: ~15um? resolution: 30nm
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CCD at image plane

Capillary condenser
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Pinhole, ™

Y
p e

Objective
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Fe,TiOqg

Fe;O, Fe, O,

Catalyst under reaction conditions (10 bar, H,/CO =
1 and 350°C) as function of time (5h) on stream.

The catalyst is being transformed into the reduced
iron species, i.e. Fe;0, (and later FeC,).

FOV: ~15um? resolution: 30nm

l. Gonzalez-Jimenez, et al., Angew. Chem. Int. Ed. (2012), 51.
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Expansion in time — in-situ and operando imaging

J.C. Andrews, B.M. Weckhuysen, ChemPhysChem, (2013), 14, 3655-3666
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l. Gonzalez-Jimenez, et al.,
Angew. Chem. Int. Ed. (2012), 51.
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|. Gonzalez-Jimenez, et
al.,, Angew. Chem. Int.

Fe,0, Fe,0, Ed. (2012), 51

XANES tomography of Li-ion battery electrode
material (SSRL, TXM at BL6-2c)
F. Meirer et al., J. Synchrotron Rad. (2011), 18.

TXM tomography (SSRL beamline 6-2c);
“Snapshot” of Hg methylation in the
rhizosphere of S. foliosa? FOV: 30um?2,
30nm?2 2D resolution

C. Patty, et al., Environ Sci Technol. (2009);

43(19): 7397-7402. Catalyst under reaction conditions as
function of time (5h) on stream.

The catalyst is being transformed into
the reduced iron species, i.e. Fe;0,
(and later FeC,). FOV: ~15um?, 2D
resolution: 30nm?

Left: exploding NiO particles
in operated Li-ion battery XRE t hy (P06, PETRA Il Hamb
electrode. FOV: ~15um?, 2D W omograp.y ! g’ amburg
Germany) of a single catalyst particle (FCC)
40

resolution: 30nm?



