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Synchrotron-based X-ray techniques for elecirodes

e SOft X-ray absorption spectroscopy (sXAS) f—\ Scanning/Transmission X-ray microscopy (STXM/TXM) L

- Extremely surface sensitive - Morphology and micro-structure evaluation in
- Different modes with different probing depth micro/meso/macro scale

- Auger electron yield (AEY): ~ 1nm : Micro-crack, particle fracture, tortuosity

- Total electronyield (TEY): ~10nm

- Partial electronyield (PEY): ~5nm - Chemical information

- Total fluorescence yield (TFY): ~ 500nm (elemental/chemical mapping)

. . o . : concentration gradient, oxidation state in
- Requires UHV condition : limit in situ capability single/multiple particle level (chemical

for liquid electrolyte inhomogeneity)

\. J = >

0.1-0.5A 0.05-1nm 1-10 nm 10-100 nm 0.1-10 pm 0.01-10 mm

Bulk structure
Synchrotron X-ray

SPM (STM, AFM, ESM, Kelvin, Force curve...)
TEM (3D, ABF-STEM)

Morphology/micro-structure

optical microscopy
SIMS -

‘ a J/ (P0F) N (XAS: XANES and EXAFS) B

time resolution “
; - Average crystal structure
energy resolution (long-range order) - Total scattering - Valence state changes during
- Lattice parameter (Bragg+diffuse scattering) electrochemical reaction
- Phase - Local structure information : revealing charge compensation
- Strain : Inter-atomic distance, mechanism in elemental specific way
- Atomic position coordination numbers - Coordination environment
- Site occupancy (e.g., octahedral, tetrahedral etc.)
- Texture - Cover middle range structure - Local structural changes
10.1088/1674-1056/25/1/016104 - Stacking faults between XRD and EXAFS : bond length, degree of disorder

10.1038/s41427-018-0056-z \ \ J\ J



Type of experiments for studying functional materials

In situ
(on-site)

Operando

(working)

Standard Ex situ
(off-site)

After impact
In an special environment

Without impact After impact
or environment Out of environment

A



Terminology

Ex situ

1. Run experiment

In situ Operando

1. Run experiment 1. Run experiment

2. Stop experiment

In a conventional cell
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hnd

3. Cell disassembling
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Resulis
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Resulis Resulis

In an special electrochemical cell



Elecirochemical energy storage mechanisms

Batteries
(Super)capacitors -~ <
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Chem. Rev. 2020, 120, 6738-6782.



Elecirochemical energy storage mechanisms

“Depth” of structural fransformation

..... ()
0000,

Intercalation sesssi

AR
o
erogenous P4

I
het

Large capacity values

Alloyin
ying Huge volume changes
Large capacity values
Conversion Operating potential hysteresis

Hardly controlable
electrode degradation



Intensity / r.u.

Single-phase NaVPOF vs. two-phase Na,;V,(PO,),F,

Intensity / r.u.

Capacity retention / % b) Capacity retention / %
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Better kinetics of NaVPO,F (single-phase mechanism) = better high-rate and low-temperature
performance

Komayko A. ., Shraer S. D. et al, Appl. Mater. & Interfaces, 2023



XRD changes vs. de/intercalation mechanism

Solid-solution

Intercalation

Two-phase

20 [degree]

Gradual change of cell
parameters

Symmeiry preserves

Rapid kinetics

Intensity [r.u.]
777737 77

20 [degree]

Two phases co-exist with close
structures but different cell
parameters

Symmetry may change, but may not

Phase boundary propagation

10

14 16 18 20 22 24 26 28 30
2-Theta (°)

Radically different crystal
structure and cell parameters

Symmetry most probably
changes

MO, + 2yLi* + 2ye =xM +yLi,O



Principal scheme and the cell (lab design)
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_— Be + Al

Main body

Screw

Plunger

Part B
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Electrode
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Liﬂ
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R

Condens. Matter 2020, 5, 75 J.B. Leriche et al, JES, 2010

Part C
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Operando electrochemical cells

Cell casing with Kapton window b
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10.1002/smtd.201900223 10.1038/s41427-018-0056-z J. Synchrofron Rad. (2018). 25, 468-472
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Operando elecirochemical cells: requirements

At the synchrotron:

« eaqsy to assemble/disassemble at synchrotron facilities;

« able to be incorporated into the existing beamline setup and should fit properly in X-ray opfics;
« electrochemical potentiostat mounted or supplied;

The casing:

« a cell case made from low X-ray absorption materials to avoid blockage of outgoing X-rays;

« one hole for reflection mode and two holes for fransmission mode are covered with X-ray
transparent materials;

* Inferference from inactive cell components minimized

X-rays:

« energy of X-rays determines the materials the construction of the cell;

« Beam damage -> intermittent sample probing (beam shutter or moving the sample region off
the beam).

Highly reproducible for elecirochemical testing

10.1038/s41427-018-0056-z
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Operando elecirochemical cells: requirements

Cell “windows”

one hole for reflection mode and two holes for fransmission mode are covered with X-ray transparent

materials (e.g., Kapton film, beryllium, or aluminum foil, etc.)

« ideal window material should be as follows:

« chemically and electrochemically stable in the cell during operation (should not react with cell
components)

« (b) impermeable to oxygen and moisture;

« (c) stiff to apply uniform pressure 1o ensure a uniform electrochemical reaction.

polyimide (Kapton) for hard X-ray, too soft for constant pressure, causing the sample area
underneath the window to react abnormally sometimes (e.9., no reaction, delay of the
reaction, etc.).

Beryllium - safety hazards, easily oxidized during battery charging, though it is ideal for X-ray
transmission.

Thin polyester (Mylar) film for tender X-ray

In ultra-high vacuum (UHV) environments are necessary for soft X-ray absorption spectroscopy
(sSXAS) measurements, an ultrathin silicon nitride window or solid-state electrolyte or sapphire

10.1038/541427-018-0056-z



Synchrotron operando cells

Outer current
Metal washer Cathode/ collector

O-rlngs anode/

{ ( Wave spnng ’
[

Inner current  Single crystal
collector sapphire X-ray
Non—oonduclwe spacer windows

O.A. Drozhzhin et al, J. Synchrotron Rad. (2018). 25, 468-472
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Signal formation

No interaction
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Signal formation
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Detectors type

Perkin EImer

DECTRIS
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Detectors positioning 20

Close to the sample Far from the sample Shifted against the beam

To change the d (Q) space the detector-to-sample distance and
detector alignment may be adjusted

The detector-to-sample distance changes affects the resolution

The detector size matters
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X-ray wavelength

2dsin® = kA

X-ray absorption vs. energy (wavelength)
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Li-rich LiMn, .Fe, PO,
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KTiPO,F: structural evolution

a & In operando SXPD b
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Neutron diffraction operando cell

TOP VIEW
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Current collector (-)
Titanium

------------------

Sealing cap
Anode e PEEK

PEEK

cathode oooooooooooo "‘:.__ : " ‘I‘ '.Q.'-..--n--uu- Mandrel
Double-sided ' i Aluminum

on aluminum foil 1 i
| TETTIEREPEPRTTON Casmg

......... L ¥ Aluminum

~Sealing O-ring

--------

Current collector (+)
Aluminum

https://doi.org/10.3389/fenrg.2018.00076

26



27

Neutron diffraction
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