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A suite of cutting-edge characterization tools!
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Multimodal Synchrotron Approach: Research Needs and

Scientific Vision

Introduction

his report summarizes the outcome of

a workshop, “Multimodal Synchrotron
Approach—Research Needs and Scientific
Vision,” held during the National Synchro-
tron Light Source-II (NSLS-II)Center for
Functional Nanomatenials (CFN) 2019 Users’
Meeting at Brookhaven National Labora-
tory (BNL) on May 22, 2019. Multimodal
approaches are defined by the convergence of
multiple measurement probes to tackle a sin-
gle scientific problem. In a synchrotron light
source context, this may manifest as the usage
of multiple synchrotron beamlines or multiple
detection techniques on the same beamline to

Scientific needs and vision of
multimodal approach
Spectroscopic  multimodal research

applications to catalysis: Professor Bruce
Gates, University of California, Davis, pre-
sented  “Atomically Dispersed  Supported
Metal Catalysts: Synthesis, Structural Char-
actenzation, and Catalyst Performance,” in
which he discussed the importance of mul-
timodal rescarch in heterogencous catalysis
Gates investigated atomically precise metal
catalysts dispersed on uniform crystalline sup-
ports. Various experimental techniques were

used to characterize these materials 1o reveal

probe a single sample or system. The synchro-
tron multimodal approach may be achicved by
incorporating ancillary probes into synchro-
tron beamlines, by exploiting other measure-
ment modalities—such as the electron-based
and optical imaging methods—to augment
synchrotron datasets, or even by exploiting
theory and modeling to complement measure-
ments.

Multimodal approach as a holistic approach
offers deeper understanding in complex, het-
erogeneous systems, critical for increased sci-
entific impact and technological applications.
As a facility, NSLS-1I, a U.S. Department of
Energy (DOE) Office of Science User Facility
located at BNL, recognizes both the challenges
and opportunities, and thus identifies multi-

pl ry For example,
aberration-corrected  scanning  transmission
electron microscopy (STEM) shows that the
metals in well-made samples are atomically
dispersed and infrared (IR) spectroscopy shows
the uniformity of the metal sites. Synchrotron
techniques like extended X-ray absorption fine
structure (EXAFS
edge structure (XANES) spectroscopy provide
structural and chemical information such as

and X-ray absorption near

evidence of metal oxidation state and metal-
ligand bonding, respectively. Challenges in
this field include improving the performance
of catalysts and understanding the nature of
metal-ligand bonding. Opportunities exist in
applying other synchrotron techniques, such
as ambient-pressure X-ray photoclectron spec-

troscopy, high-energy-resolution fluorescence
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an extensive range of materials. The power of

the combined-technique RMC approach was
illustrated by Levin through the study of the
classical relaxor ferroelectric PbMg, ;Nb, 10,
(PMN) perovskite. This case study involved
simultancous fitting of 3D X-ray diffuse scat-
tering from a single crystal of PMN with both
X-ray and neutron total scatiering measured
on a PMN powder. X-ray absorption fine

structure (XAFS) spectroscopy characterizing
Pb and Nb was also included in the fitting pro-
cess to improve chemical resolution
Correlative microscopy and tomography

application in materials science: Dr. Yiyang
Li, Sandia National Laboratory, presented
work on the subject of “Visualizing Electro-
chemustry through Multimodal Microscopy
for Batteries and Neuromorphic Computing.™
Li presented the results of studies showing
how multimodal synchrotron microscopy
enabled detailed visualization and understand-
ing of electrochemistry for batteries: combin-
ing soft X-ray scanning transmission X-ray
microscopy (STXM), hard X-ray transmission
X-ray microscopy (TXM), X-ray diffraction
(XRD), STEM (including correlative electron
microscopy), Auger electron spectroscopy,
and ptychography. Li explained how coupling
between electrochemistry and imaging at
multiple length-scales with various contrasts
could dnive the development and understand-
ing in materials science for neuromorphic
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Our Research Program on Functional Materials
with Synchrotron X-ray Analysis

1) Materials by Design: 2) Sustainable Energy: -
Nano-Architectured Porous Metals Multimodal Synchrotron Studies
and Metallic Composites of Energy Storage

Cu
‘, ry h
Coating« <"y / _’
Fe thin filme-=
Cu-PAA complex

4) Sustainable Manufacturing: 3) Sustainable Energy:
Environmentally friendly Interfacial Processes of Materials in
functional coating Molten Salts and Extreme Environments

National Laboratory
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WIIFM?
What's in it for me?

 What is a multimodal approach?

* Why we care about it?

- Research example: Conversion coating

* Ways to frame multimodal analysis.

- Research example: Battery

nnnnnnn g probe
Full-field imaging &
Coherent diffractive imaging 30‘\

* Beyond synchrotron
* Other experimental modalities
* Experiment — simulation -

feedback loop Fa g oo ‘%‘13'?"“%'53'é?"iffl"fﬁiEgvmmw
* Data science opportunities - -
- Research example: Molten Salt and Dealloying
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2-Min You Talk!
Talk to your neighbor(s):

1) What is your research topic? (An “elevator pitch”)

2)  What are the main techniques (2-5 of them) you use to characterize
them? (Name at least one X-ray or neutron technique, if possible!)

Q\\\‘ Stony Brook University Karen Chen-Wiegart k? Brookhaven 6
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WIIFM?
What's in it for me?

 What is a multimodal approach?

 Why we care about it?
- Research example: Conversion coating

* Ways to frame multimodal analysis.

- Research example: Battery |
B
Scanning probe \‘pre\\ S ,s"s,: X-ray photoelect pectroscopy
Coherent d::ﬂurlzlllt?vlg :E:g::g 30'\‘00 N "’sc, ”»%% - 2 o
* Beyond synchrotron 7 DY

* Other experimental modalities s
* Experiment — simulation

> Wide-angle X-ray scattering
X-ray Photon Correlation Spectroscopy

feedback loop
* Data science opportunities
- Research example: Molten Salt and Dealloying
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What is multimodal?

* Dictionary definition:
e https://www.merriam-webster.com/dictionary/multimodal

Dictionary = Thesaurus multimodal Q Games & Quizzes Word of the Day

EsL. 1828

Dictionary multimodal adjective

}DEﬁ"'t"’" mul-ti-mod-al ( mal-té-'mé-del=) ) - ti-

Example Sentences : having or involving several modes, modalities, or maxima

. nultimodal distributions
Word History

nultimodal therapy
Entries Near

: Show More v
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https://www.merriam-webster.com/dictionary/multimodal

Multimodality everywhere!

Multimodal Pedagogy/Teaching
Multimodal IT

Visual

MULTIMODALITY .
ul : =
I.ingui:tic E Cloud prysical servers [ O O
=
Gestural I _" -
https://en.wikipedia.org/wiki/Multimodal_pedagogy

- ey 2
Dok o & SO B

teaching .
DevOps
% = t) B "
Author (or implied author) @ 6B
)
atial (RN
\

) Y0, 0
Audience B - ’ . & a :l -—

e ' Agile _— - oe & N-Tier
=
Soemt @‘8 ‘Waterfall MEU“E
Genre & g ti
https://www.suse.com/c/the-rise-of-multimodal-it-and-what-it-
—— o e e e

means-to-you/
https://alisonyang.com/multimodal-teaching/
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Multimodal Customer Experience

WHAT'S A

MULTIMODAL _ Multimodal Transport
CUSTOMER :

EXPERIENCE?

https://www.uniphore.com/blog/what-s-a-
multimodal-customer-experience/

Multimodal transport, also known as combined transport, is a transport system that

involves the movement of goods using multiple modes of transport such as trucks, rail,
air and ships.

https://www.morethanshipping.com/what-is-multimodal-transport/
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Multimodal Artificial Intelligence!

-~

L= L Natural Language §
Data Mi [ Processing

Computer Vision:

Speech Synthesis

https://www.aimesoft.com/multimodalai.html

Multimodal Al is a new Al paradigm, in which various data types (image, text,
speech, numerical data) are combined with multiple intelligence processing
algorithms to achieve higher performances. Multimodal Al often outperforms

single modal Al in many real-world problems.
Ecosystem!!

What is the ecosystem of synchrotron (and neutron) characterization?

k? Brookhaven 11
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Multimodality — In the context of scientific research

* “Multimodal approaches are defined by the
convergence of multiple measurement probes to
tackle a single scientific problem.”

Karen Chen-Wiegart et al., Synchrotron Radiation News (2020)

We have already been applying multimodal characterization from the beginning!

X-ray Fluorescence

Carbon steel

Xiaoyang Liu, ACS Applied Nanomaterials, 2019
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WIIFM?
What's in it for me?

 What is a multimodal approach?

* Why we care about it?
- Research example: Conversion coating

* Ways to frame multimodal analysis.

- Research example: Battery |
B
Scanning probe \‘pre\\ S ,s"s,: X-ray photoelect pectroscopy
Coteront itacive magng A8° A U ) o shctscoy
* Beyond synchrotron 7 DY

* Other experimental modalities s
* Experiment — simulation

> Wide-angle X-ray scattering
X-ray Photon Correlation Spectroscopy

feedback loop
* Data science opportunities
- Research example: Molten Salt and Dealloying
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Why taking a multimodal approach?

Synchrotron offers a suite of the amazing
characterization tools!!

Awesome playground!!
Lots of opportunities!!
Unprecedent information!!

Easily get lost

—why am | doing what | am doing?

 Multimodal approach as a holistic approach offers
deeper understanding in complex, heterogeneous
systems, critical for increased scientific impact and
technological applications.

Karen Chen-Wiegart et al., Synchrotron Radiation News (2020)

Q\\\\ Stony Brook University Karen Chen-Wiegart k? Brookhaven 1
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Research challenges complex, heterogeneous systems

Multimodal
Synchrotron X-ray
Characterization

Mass and Charge Transfer
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2-Min You Talk!
Talk to your neighbor(s):

1) What is your research topic? (An “elevator pitch”)

2)  What are the main techniques (2-5 of them) you use to characterize
them? (Name at least one X-ray or neutron technique, if possible!)

3) Why are you using them?
What information can you get out of each of the techniques?
Are they complementary to each other?

\ . . . ~, }
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Multimodal Synchrotron Approach

* In a synchrotron light source context, this may manifest as the

usage of
1) Multiple synchrotron beamlines or
2) Multiple detection techniques on the same beamline

to probe a single sample or system.

Fluorescence: elemental mapping

Nanotomography SYnchrotron AXON Diffraction: strain analysis
Zone plate Pinhch’ T 1 ’ﬁ
objective Sample - g >
Scintillator\”hase Ri{g\ \\" ’\Co‘ndenser > e . ‘§r
: «\&\’ _g)\ Sy - . ? '
?‘ o e 2 &
»Sample i Y 4
u | “\\\ > > v 4
B Detector S':Int'"at:r h 'V'\ - ,ﬁf'/::/” Tra nsm|SS|On,
detector object L / abSOFDtlon/phase-
Hwu, Y et al., BMC Biol 15, 122 (2017). \ contrast imaging
https://doi.org/10.1186/s12915-017-0461-8 Hanfei Yan et al., 2018 Nano Futures 2 011001

DOI 10.1088/2399-1984/aab25d

k? Brookhaven 17
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Why using different beamlines?

Suite of beamlines with complementary technigues - enabling time-
resolved, operando, multi-modal and multi-dimensional studies

Diffraction Spectroscopy » Imaging

Scattering

—

1SS

FXI

HXN

(ISS): Inner Shell Spectroscopy
(XPD): X-ray Powder Diffraction v

(SRX): Sub-micron Resolution X-ray Spectroscopy
(CMS): Complex Materials Scattering (HXN): Hard X-ray Nanoprobe
(CHX): Coherent Hard X-ray: XPCS (FX1): Full-Field X-ray Imaging

Q\\\‘ Stony Brook University Karen Chen-Wiegart k? Brookhaven
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1. What is the processing — structure — property relationship?
(How do we control the properties?)

2. How do the materials’ morphology, chemistry and structure evolve
as a function of time and processing/operating conditions?

Ae\'\s“‘/ funcliong/ theg,
= s

Scanning probe ’,."’\pr S ro"o, X-ray photoelectron spectroscopy
Full-field imaging -/o°\ '°°o "’@47 X-ray absorption spectroscopy
Coherent diffractive imaging /.-f\c? % °o6

\‘.
" Functional Materials |

Heterogeneous &
Complex /,/

Processing >>> , o} Functionalities

% sy J
e o (\0‘ > Small-angle X-ray scattering
N % Q20 & y 2 ;
X-ray powder diffraction S, n S o"°°/ " Wide-angle X-ray scatﬁenng
Pair distribution function analysis 0’0% ) S X-ray Photon Correlation Spectroscopy
”’és WY
N, d 57
eulron‘ electron, OP“C? L é;'“‘,
'.g',f

Karen Chen-Wiegart et al., Synchrotron Radiation News (2020)
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Towards better understanding of reaction mechanism
by operando multi-modal X-ray synchrotron characterization

_carotron Multimodal Characferiza,
| Energy &
Absorption Powder Transmission & Scanning EnVIronmentaI
Spectroscopy Diffraction Microscop SClence

©« @ =opm

Chemistry Structure Morphology
Oxidation States Phase Identification Elemental Mapping
Short-Range Ordering Structural Analysis 3D Morphology o~ oAPER

ROYAL SOCIETY
- OF CHEMISTRY

Varun R. Kankanallu, Xiaoyin Zheng, Denis Leschev, Nicole Zmich, Charles Clark, Cheng-Hung Lin, Hui Zhong, Sanjit Ghose, Andrew M. Kiss, Dmytro Nykypanchuk, Eli Stavitski, Esther S. Takeuchi,
Amy C. Marschilok, Kenneth J. Takeuchi, Jianming Bai, Mingyuan Ge* and Yu-chen Karen Chen-Wiegart, Energy & Environmental Science (2023), DOI: 10.1039/D2EE03731A
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Operando X-ray diffraction: 3;,22'“
Phase evolution UL L

J o \ i g * Phase evolution of the B-MnO, electrode at the
. tstcnaecyse \ ol pristine, half-cycle and full-cycle states.
- ‘ T L ‘ 1. * The galvanostatic discharge—charge profile for the

100

first cycle and its corresponding waterfall plot
indicate the formation and disappearance of the
zinc hydroxy sulfate (ZHS) phase and gradual

Intensity (Counts)

Intensity (counts)

|
Time (hours)
-
® i<}

|
; | Zinc ysroide Sut s reduction in MnO, peak intensity.
E I] | T:tamur‘n ’ .
ey TR [ENE RN s 15 12 0909 10336 340 344
2 s AT T2 Potential (V) 26 (°) 26 ()

€ D
100 N 160 E: Crystalline phase
80 E i N Amorphous phase
i FC\ H 24
* Normalized relative MnO, weight percentage vs. the E g > ﬁ
electrochemical potential for the first ~ 3 cycles. 5 g o I . e
* Relative capacity contribution by the amorphous phase in 5 N g g
the 2nd and 3rd cycles. -
0 15 30 45 5

Time (hours)

Varun R. Kankanallu, Xiaoyin Zheng, Denis Leschev, Nicole Zmich, Charles Clark, Cheng-Hung Lin, Hui Zhong, Sanjit Ghose, Andrew M. Kiss, Dmytro Nykypanchuk, Eli Stavitski, Esther S. Takeuchi,
Amy C. Marschilok, Kenneth J. Takeuchi, Jianming Bai, Mingyuan Ge* and Yu-chen Karen Chen-Wiegart, Energy & Environmental Science (2023), DOI: 10.1039/D2EE03731A
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Operando X-ray Absorption Spectroscopy (XAS): ),
Gradual conversion of B-MnO, structure mZifls

cular to mesoscale

* Operando X-ray absorption near edge structure (XANES) vs. the electrochemical
N potential and reaction time.
— Time (hours)
— 37 16 -
12 09 T T T T T - — — Discharge time point
239 2 ) [ 11 | — — Charge time point 30
35 12 3 [ I B 1
_ _ © 0s) AR I T R T Y il
4 20 5q = £ [ T | 11 B
1 - Hogp g 2 Lo /:\-\' I y
£ £ £ 2071 A AN [ }|\- 177 1| Bs
é 154 wé ZD a;prustungiiic;r;ede 0.4 g b | \I I \4; | -_-\!ft |
g 3 0.4 o 8 2 —
g | —r = £ I \|/ I o0 I 1| o
e o > 067 ol 1 [ | I | 1 |
10 R T T 00 j Ll 11 1 | 1 L1l s
0.0 6910 6560 6580 6540 6550 6560 0 10 30
4 Energy (eV) Time (hours)
5 4 0
o * Selected spectra points taken at the end of discharge and charge profiles: the
15 15 12 oaem & variation in the pre-edge feature

Voltage (V) Energy (eV)

* The Y-intercept of normalized XAS spectra near the pre-edge feature indicating the
evolution of structure

Varun R. Kankanallu, Xiaoyin Zheng, Denis Leschev, Nicole Zmich, Charles Clark, Cheng-Hung Lin, Hui Zhong, Sanjit Ghose, Andrew M. Kiss, Dmytro Nykypanchuk, Eli Stavitski, Esther S. Takeuchi,
Amy C. Marschilok, Kenneth J. Takeuchi, Jianming Bai, Mingyuan Ge* and Yu-chen Karen Chen-Wiegart, Energy & Environmental Science (2023), DOI: 10.1039/D2EE03731A
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Ex situ XAS of first and eight cycle: discharge and charge 2:%9

, 9,
XANES & Extended X-ray Absorption Fine Structure (EXAFS) mzm#s

molecular to mesoscale

A XANES C EXAFS E FEFF calculation

—e— Pristine Electrode 16
______ - 20 —— 1% Cycle Discharge
1 1 —— 1* Cycle Charge
713 ~— 8" Cycle Discharge
1.2 of | R 8" Cycle Charge 12
m 15 [ M [m)
g L NN s : g
3 £ | g
Mn K-edge éae %10 | 208
S E | S
z 1 ol =
v I ovoe Dachare 051 i R 04
—— 1% Cycle Charge 1 ! s Z0MN,0; M XANES FEFF Calc
~— 8" Cycle Discharge | : ~——ZnMn,0, Mn XANES FEFF Calc
e 8" Cycle Charge oo MniO ,  Mn rimm,,' 0.0 —— 8" Cycle Charge Mn XANES
’ 560 6580 ) 1 N 3 T 8540 6560 6580
Energy (eV) Radial Distance (Angstrom) Energy (eV)

w
O
m

1.5 24
«— 1% Cycle Discharge
16 ~— 1% Cycle Charge
-— 8" Cycle Discharge 2.0
8 Cycle Charge A
%1.2 § 1.04 /7 (2n-Mn) %1,6 | \/
3 = { f/ .-\ ZnMn307.3H20 3
_ N =3 14/ \ (Zn-zn) ! N12
Zn K Edge EOB s // \ ZnMn204 1 g - S
o \ 1
- Eosl/ i Sos B
/ )
04 — 12w {
- :" 32:2 g:;r:eme 04 e ZNMN, 0, Zn XANES FEFF Calc
L - 8" Cycle Discharge {4 / ZnMn,0, Zn XANES FEFF Calc
i o & Oycee crarge_| &b &1 0.0 /4 = 8" Cycle Charge Zn XANES
9660 9680 9700 1 2 3 9660 9680 9700
Energy (eV) Radial Distance (Angstrom) Energy (eV)

Varun R. Kankanallu, Xiaoyin Zheng, Denis Leschev, Nicole Zmich, Charles Clark, Cheng-Hung Lin, Hui Zhong, Sanjit Ghose, Andrew M. Kiss, Dmytro Nykypanchuk, Eli Stavitski, Esther S. Takeuchi,
Amy C. Marschilok, Kenneth J. Takeuchi, Jianming Bai, Mingyuan Ge* and Yu-chen Karen Chen-Wiegart, Energy & Environmental Science (2023), DOI: 10.1039/D2EE03731A
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Key morphological features of B-MnQO2 electrodes |ii2|||#s

ar to mesoscale

* 1%t cycle discharge: A dense growth of ZHS precipitate = reversible upon charge
 8th cycle charge: partial dissolution of B-MnO, particles and the Zn—Mn amorphous complex phase
* 16th cycle: discharge and charge: dissolution of  -MnO, and dense growth of Zn phases throughout

F
8th Cycle Charge 16t Cycle Discharge 16t Cycle Charge

A Pristine B-MnO, i 1st Cycle Charge

-

B Mn Phases
Zn Phases

High

Across
Mn edge

X-ray attenuation

Across Mn edge Across Zn edge
Across
Znedge &

Varun R. Kankanallu, Xiaoyin Zheng, Denis Leschev, Nicole Zmich, Charles Clark, Cheng-Hung Lin, Hui Zhong, Sanjit Ghose, Andrew M. Kiss, Dmytro Nykypanchuk, Eli Stavitski, Esther S. Takeuchi,
Amy C. Marschilok, Kenneth J. Takeuchi, Jianming Bai, Mingyuan Ge* and Yu-chen Karen Chen-Wiegart, Energy & Environmental Science (2023), DOI: 10.1039/D2EE03731A

National Laboratory
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3D morphological and chemical evolution z‘m#s

ar to mesoscale

pristine 15t discharged 15t charged

16% discharged 16t charged

Varun R. Kankanallu, Xiaoyin Zheng, Denis Leschev, Nicole Zmich, Charles Clark, Cheng-Hung Lin, Hui Zhong, Sanjit Ghose, Andrew M. Kiss, Dmytro Nykypanchuk, Eli Stavitski, Esther S. Takeuchi,
Amy C. Marschilok, Kenneth J. Takeuchi, Jianming Bai, Mingyuan Ge* and Yu-chen Karen Chen-Wiegart, Energy & Environmental Science (2023), DOI: 10.1039/D2EE03731A
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ular to mesoscale

* Growth of the ZnMn,0, phase obtained at the end
of 8t and 32" cycle.

* SEM of 1t cycle at the charged state having a flower
like deposition over the MnO, particle.

* Growth of spherical round feature, (scale bar = 500
nm, for D = 100 nm)

c D E

M P T
éf Blank Capillary
S L
ZnMnpOy|
. . [ianO2
* Colocalization of the Zn phase over the MnO, | ‘
particles (scale bar = 5 micron): ZHS phase formation R 6'"" e
and reversibility 2009

Varun R. Kankanallu, Xiaoyin Zheng, Denis Leschev, Nicole Zmich, Charles Clark, Cheng-Hung Lin, Hui Zhong, Sanjit Ghose, Andrew M. Kiss, Dmytro Nykypanchuk, Eli Stavitski, Esther S. Takeuchi,
Amy C. Marschilok, Kenneth J. Takeuchi, Jianming Bai, Mingyuan Ge* and Yu-chen Karen Chen-Wiegart, Energy & Environmental Science (2023), DOI: 10.1039/D2EE03731A

‘\\\‘ Stony Brook University Karen Chen-Wiegart k? Brookhaven

National Laboratory




Proposed reaction mechanism

Scattering

Diffraction

Chemistry

cotron Multimodal Characteriz
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E Wohage) Gy @ : ”T
Chemistry Structure

Phase Identification
Structural Analysis

Oxidation States
Short-Range Ordering

A

Morphology

Elemental Mapping
3D Morphology

Electrolyte

Imaging

15t Discharge
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Zn Metal Anode

1st Charge

®

JUNIRO, dissolution
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2
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molecular to mesoscale
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v
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Zn-Mn Complex: Reversiblé { \
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~ >

Zn-Mn Complex: Irreversible

. Varun R. Kankanallu, Xiaoyin Zheng, Denis Leschev, Nicole Zmich, Charles Clark, Cheng-Hung Lin, Hui Zhong, Sanjit Ghose, Andrew M. Kiss, Dmytro Nykypanchuk, Eli Stavitski, Esther S. Takeuchi,
Amy C. Marschilok, Kenneth J. Takeuchi, Jianming Bai, Mingyuan Ge* and Yu-chen Karen Chen-Wiegart, Energy & Environmental Science (2023), DOI: 10.1039/D2EE03731A
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2-Min You Talk!
Talk to your neighbor(s):

1) What is your re '} ch”)
2) Whatarethem === ™ you use to characterize

them? (Name a e Chnique, if possible!)
3) Why are you us
What informati
Are they compl
4) Try to categorize them and see their connections:
- Building a mind-map/framework to think/plan your research
Avoid: | have a hammer, and thus everything looks like a nail!

Ask yourself: why am | using the technique, and what | am trying to get
out of it?

he techniques?

Scattering Diffraction Spectroscopy Imaging

L? Brookhaven 28
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How about for one type of technigue?
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Diraction Fluorescence _ EI Scanning X-ray microscopy

Domain separation

0 min 1 min

\
\
\ | . < 48
’ - [} y
(RS T &
A) y 4
v
d P &
. -
N
L
r" v
4
r 4
A

- Transmission
From HXN, 3-I1D, NSLS-II

Transmission x-ray microscopy

capillary condenser

. sample
phase ring

(<

detector  objective ZP pinhole

2 min 3. min

\. X-ray

2020 MRS Bulletin, Nanoscale x-ray and electron tomography,

Hanfei Yan , Peter W. Voorhees , and Huolin L. Xin , Guest Editors
From FXI, 18-ID, NSLS-II
\ S : 2 Brookhaven 30
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Modern X-ray Imaqging

: Multi-dimensional & multimodal

X-ray Imaging & Microscopy Need 1

Zhao et al., 2018, Nano Energy

Need 2

Chen Wiegart et al., 2018 Nanoscale

3 Dimensional (Spatial)
Characterization

Tomography

Spectroscopic

Imaging
In situ
operando Diffraction
Imaging

Time-Resolved
with Real Environment

Q\\\‘ Stony Brook University

m
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sity (arb. u.)

g
£
&
£
s
g

Norn

z

Zhao et al., Materials Horizons, 2019

Need 3

Correlation between Morphology and

Other Characteristics:

Elemental Distribution, Chemical States,

Strain Distribution

Karen Chen-Wiegart

k? Brookhaven
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X-ray Microscopy at NSLS-II:
A Suite of Tools for Scientific Discovery

(]
o)
o
S
Q.
o0
c
o _—
c
c
©
(8}
(Vs
Normalized XRF integral (arb. u.)
Chen-Wiegart, et al., P Kopittke, et al
Scientific Reports (2017) Plant Physiol., (2018)

Terey — resolution | | ZGLU

ging

FXI TES Tender

Full F'?I Ima

* Complementary in resolution, field of view, energy range
* Combination w/ spectroscopy and diffraction analysis
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2-Min You Talk!
Talk to your neighbor(s):

1) What is your research topic? (An “elevator pitch”)

2)  What are the main techniques (2-5 of them) you use to characterize
them? (Name at least one X-ray or neutron technique, if possible!)

3) Why are you using them?
What information can you get out of each of the techniques?
Are they complementary to each other?

4) Try to categorize them and see their connections:

— Building a mind-map/framework to think/plan your research
Avoid: | have a hammer, and thus everything looks like a naill

Ask yourself: why am | using the technique, and what | am trying to get
out of it?

5) Think of other techniques that you may be using in the future that you
learned during the X-ray and neutron summer school?

33

\ . . . ~, .
Q\\\\ Stony Brook University Karen Chen-Wiegart kf Brookhaven




WIIFM?
What's in it for me?

 What is a multimodal approach?

* Why we care about it?
- Research example: Conversion coating

* Ways to frame multimodal analysis.
- Research example: Battery - |

Scanning probe
Full-field imaging &
Coherent diffractive imaging 3&‘ N

* Beyond synchrotron
* Other experimental modalities s

° . °

¢ Experlment — simulation 2 S

g, g

o Structure.
o, %

%, °n < & Wide-angle X-ray scattering
fe e d b a c k I O o Pair distribution function analysis /)’0%/ ‘\\o‘“o X-ray Photon Correlation Spectroscopy
i
- " I ey D
N, electron, Lo i

* Data science opportunities
- Research example: Molten Salt and Dealloying

Functionalities

\ . . . ~, }
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Bevond Synchrotron

* The synchrotron multimodal approach may be achieved by
incorporating ancillary probes into synchrotron beamlines, by
exploiting other measurement modalities—such as the
electron-based and optical imaging methods—to augment
synchrotron datasets, or even by exploiting theory and
modeling to complement measurements

e
NI nsity funcliongf Jﬂ
- e ° teony
be‘\\‘\g o

Scanning probe e ’%, X-ray photoelectron spectroscopy
S %

Full-field imaging £
Coherent diffractive imaging §§‘
&

1, X-ray absorption spectroscopy
(®)
2,
®

Processing || Functional Materials | | " Functionalities

\ Heterogeneous & |

& Small-angle X-ray scattering
X-ray powder diffraction Wide-angle X-ray scattering
Pair distribution function analysis %%, o X-ray Photon Correlation Spectroscopy

Tty N
eg / \%.go
70Uty ico\
N, electron, OP! o
Mr R
Y

Q\\\‘ Stony Brook University Karen Chen-Wiegart
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Now broaden it a bit from synchrotron!

* How do | complement my synchrotron studies?

- Lab-based techniques?
Pre-characterization?
Ex-situ studies to complement the in-situ study?

- Other advanced characterizations?
E.g. imaging: TEM, Atom-probe, etc.?

- Simulation/modeling/theory?

k? Brookhaven 36
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Molten salt

Metal

X-ray powder diffraction
(28-1D0-1, PDF beamline)

Diffraction
& Scattering

5“‘““““: ‘, xoay t

Mt g Blower

X-ray absorption spectroscopy
(8-1D, ISS beamline)

Transmission X-ray microscopy
(18-1D, FXI beamline)

(200)-5-A15

High Temperature
Impurities

Chemical
/Electrochemical Reactions

Mass transport
Surface/Bulk

Microstructure

e

(&)
& Electrons

Beam stop

Condenser 0,\.

Zone plate

25 um
\ Me)hng I ' et

t
PlasmaFIg
& FIB-SEM
Projection images

HAADF

National Laboratory

EDS

\ . . ~, .
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In situ 3D morphology evolution
Ni-20Cr reaction in MqCIZ-KCI at 600 °C

I Ni-(20-x)Cr
I Pore

pristine

Xiaoyang Liu, Kaustubh Bawane, Karen Chen-Wiegart, et al., ACS Appl. Mater. Interfaces (2023)
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Elemental Mapping by STEM
Ni-20Cr reaction In I\/IqCIz-KCI at 600 °C

(A) N (8) 120
_,v::" ! Electrons —_—r
Beam stop ~ 1004 e N
Condenser 0 ' X
c 80
Re]
=
3
EDS = 604
Zone plate ) 3 ®
&l 2 .0
; @ » ; v 40
\ Heating ‘ nert =
Inert ‘ 204
Plasma FIB
& FIB-SEM 0 : : .
Projection images HAADF 0.0 0.4 0.8 1.2

Distance (um)

HAADF A0

:]Area 1
304 - :]Area 2
S _
HAADF (53 .§ 20{ [ |
5
2 10+
O T T T
O Mg S C K C N
Xiaoyang Liu, Kaustubh Bawane, Karen Chen-Wiegart, et al., ACS Appl. Mater. Interfaces (2023) Element
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Multiscale Imaging — X-ray and Electron Microscopy

Ni-20Cr reaction in MgCl,-KCl at 600 °C

Intergranular corrosion
8.8

i | |

Si, O rich

7.4

Corrosion propagates to grain * First corrosion propagates
through grain boundary

forming cracks

Corrosion attacks the
adjacent grains, enlarging
the cracks to large pores

24.1 29.0

g .y - Xiaoyang Liu, Kaustubh Bawane, Karen Che
1.5 um I Ni-(20-x)Cr Wiegart, et al., ACS Appl. Mater. Interfaces
Pore (2023)
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Probing the Structural and Chemical Evolution of Interfaces in Molten Salt

In situ study: Cr microparticles in molten salts

—

Particle size 4 Interfacial arearatio 5.0 was observed.

Atomistic Simulation X-ray powder diffraction

Multimodal X-ray

| bee Cr
2 (Im-3m)
N \ B O-
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[ N~ _  Kcl-Mgal,
1:‘: ® becCr
‘%b °
3-Cr
150 300 450 600 7
ki oﬁoﬁo (Pm3n)

As bce Cr underwent dissolution, the formation © d)f " 1
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Beam stop

700 °C
' o
180

Condenser

The dissolution of Cr resulted in the
formation of 3D pores

\\ « Uni .
Stony Brook University Liu, Chen-Wiegart, et al., Physical Chemistry Chemical Physics (2024)

Molten KCI-MgCl, + Cr

Projections

/

Angle

Transmission X-ray microscopy
(18-ID, FXI beamline)

o
RT 15 30 45 60 75
Time (min)

Transformation away
from the bcc phase is
shown in XAS.

SDD detector -

Y
X-ray g

Hot gas blower

X-ray absorption spectroscopy
(8-ID, ISS beamline)
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Multimodal Synchrotron Analysis:
In situ X-ray Nano-tomography — 3D Morphological Evolution

9.4xe?*  4.5xe3

X-ray attenuation =

1.1 min

*  The dissolution of Cr resulted in the formation of 3D pores, leading to a decrease in volume, an increase in
surface area, and an elevated surface-to-volume ratio.

* Alayer developed on the surface of the Cr particle, characterized by the expansion of the particle's contour
during heating.

\ N 2% Brookhaven 42
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Multimodal Synchrotron Analysis:
In situ X-ray Diffraction — Crystalline Structural Change

¥ % 6-A15 Cr [ Tersse
= r ‘
% ‘:i.z 100 T T T T
x*% | bccCr
* 547.2
513.0
478.8 __ 804
_ 444.6 xR
’ 410.4 s
= 376.2 2 60 -
} 342.0 ke
& 307.8 ®
5 273.6 =
= 2394 £ 401 \—___ cmmm
205.2 .‘ulf
171.0 =
= 0] o beccr
68.4 700°C S5-Cr
2402 " KCl-mgCl, 0 . i . .
4.0 B ?O(d )5.5 : : ' & o 0 150 300 450 600 750
eta (deg P . .
| g 5-Cr Time (min)

| Oago (Pm3n)
op ]

* Asbcc Crunderwent dissolution, its peaks disappeared, accompanied by a decrease in the relative
weight ratio over time as heating progressed.

* The formation of 6-Cr corresponds to an increase of its characteristic peaks and an increase in the
relative weight ratio as a function of time during heating.

~ .
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Multimodal Synchrotron Analysis:
In situ X-ray Absorption Spectroscopy —
Short-Range Ordering and Chemical Environment Changes

* The evolving XANES features, coordination numbers (CN) and bond
lengths (R1, R2) indicate a transformation away from the bcc phase,
and a formation of a nanoscale, o-Cr structure.
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Artwork illustrating the concept of probing the interfaces between molten salts and materials using multimodal
synchrotron X-ray techniques and atomistic simulations. Selected as a front cover in PCCP.
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Multimodal synchrotron experiments and
Involving Al-agent in synchrotron experiments

Closed-loop Materials Design

‘% NIST -, matminer Synchrotron Autonomous Experiment
pymatgen T
Kinetics studies & \ Azt

degradation properties nature _

05mm

v l } " Literature &
e Materials database
Experiments M Sterials () pyTorch

& simulation

Machine learning . z

prediction

Automated

Revised Concept Figure by Cheng-Chu Chung Data Analysis

Zhao, C. Chen-Wiegart, K. et al. Commun Mater (2022).
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Chung, Chen-Wiegart, et al., Image Credit: Cheng-Chu Chung
Advanced Materials Interfaces (2023)
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* Real-time analysis and control of multiple beamlines simultaneously
o Identical sample wafers loaded at BMM and PDF beamlines

Measuring diffraction (fast)  >> apply ML analysis >> select points for measuring
spectroscopy (slow)

Processed data

ment queue

Ty

8 g; * 10
' 2 s \-/\5..._,/\_/&\___&_.‘_%
Scientist Firewall  \\t: Web comunication Distributed Al/ -30

ML Agenls 2 3 4 5 6 7 8 9 10
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[o)]
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Maffettone, Ravel, Olds, et al., 36th Conference on Neural Information Processing Systems (NeurlPS 2022).

Algorithms
and
AlML

Scalable
software

Seamless
real-time
on-demand
computing

Discoverable
data

/ SCIENCE QUESTION » DAQ
/ » INTERPRETED DATA

COMPUTERS &
SUPERCOMPUTERS

!
1 I &
! Network | Workflow and \
I |improvements | | orchestration tools !
v ‘ v * v

Maffettone, et al., Cell Reports Physical Science, 2022
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More references

Welcometo |

CASE

% The Community for Autonemous

Scientific Experimentation

microscopy

Marcus M. Noack
Lawrence Berkeley

Theory+Al/ML for microscopy and spectroscopy:

National Laboratory Challenges and opportunities Davis Unruh, Venkata
Surya Chaitanya Kolluru, Arun Baskaran, Yiming
https;//autonomous_discovery.|b|_gov/ Chen & Maria K. Y. Chan MRS Bulletin (2022)

https://doi.org/10.1557/s43577-022-00446-8
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