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Porous materials & materials for new energies
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Properties of interest: morphology, shape, 3D architecture, electronic and crystallographic structures
In situ: structural evolution, reactivity, phase transformation, restructuration, growth, synthesis ...




Why electron microscopy?
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> Resolution: pm — A
» « Real space » images

v

» Very localized information —— Z -

» Possibility to combine with various “in-situ” approaches

In situ TEM under temperature, electric
potential and/or specific environment

“Operando” TEM to mimic the “real” conditions

Primary
electrons

> LARGE AMOUNT OF DATA
» Strong interaction electron I Machine Learning-based tools (ANR ARTEMIA)

beam & specimen — e xrays T
various types of information |

Transmitted
primary electrons SE j‘ f ..,-!...- ' '




Examples of advanced TEM studies
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Examples of advanced TEM studies
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Electron microscopy in CARMEN
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Multiscale analysis Correlative study
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Electron microscopy in CARMEN: mutiscale analysis
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TXM Tomography SEM Tomography

N. Sudheer
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Electron microscopy in CARMEN: in situ study

Zeolites
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Combine spatial resolution, time resolution and 3D information !




Electron microscopy in CARMEN: correlative study
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Electron microscopy in CARMEN: correlative study _

TEM experiment
S. Vydellngum

O
10 _’1 T3 Beidellite 200 nm + Iudox CLP 28 nm 75!25 (+)

e_ i — SAXS experlment
5 — P(qg) monodisperse spheres R = 14 nm

—
o
&
|
:
.
:

TEM experiment
+ Iqg): Image 1
I(q) : Image 2/~

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

I(q) (arb units)

COMPARISON IN THE RECIPROCAL SPACE




Electron microscopy in CARMEN
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- modify the internal structure

- solve the structure and the : -
and the chemical composition

relative distribution of constituants

- understanding the
formation of the structure



Electron microscopy @ IPCMS
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Operando TEM for catalysis

Ni catalysts for CO, methanation
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Operando TEM for electrocatalysis

Electrocataly5|s in-situ study of nanocatalysts for the HER, OER, RRR reaction

Co;0, nanoparticles
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In situ TEM: growth & synthesis processes Liquid phase

Nucleation and growth of Fe- clsts—<
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In situ TEM: growth & synthesis processes Liquid phase

Nucleation and growth of Fe-based NP by thermal decomposition
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Correlative approaches: in situ TEM & others techniques:
- X-ray-based: XAS, EXAFS, STXM ...
- other imaging modes: AFM ...

- spectroscopies: RAMAN ... STXM
j TEM
AFM

W Mimaturized .

electrochemical cell




Correlative Insight on Electrodeposited Graphite Oxide Films
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Nucleation and growth of CaCOj: influence of L-asp
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Growth of hybrid perovskites: a correlative study

Precursor mixture : A
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In situ TEM: new developments and perspectives

Data acquisition: _ XM b
» new detectors
» correlative approaches: TEM + STXM -

Reducing electron dose and beam influence

AXON™ - BREAKTHROUGH IN SITU TEM
SOFTWARE PLATFORM

(. : . W v
» dedicated acquisition software for “in situ
» “inpainting” methods

\> deep learning approaches—

v

linpainting

Coll. M. Moreaud, IFPEN Coll. N. Browning, Liverpool




In situ TEM: new developments and perspectives

Data analysis

» Deep learning approaches to manage a large amount of data and provide

a) quantitative results
b) statistically representative information —|
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Deep learning — based data analysis




In situ TEM: new developments and perspectives

Instrumental developments
» Development of new specimen holders

Optical environmental holder

specimen in gas or liquid and under light exposure

» Combining spatial and time resolution = kinetics of processes (Brownian motion)
—> dynamic of nano-objects in specific environments

e-




TEM: very useful, multi-task characterization tools in material science

combined spatial and time resolution
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- In-situ TEM holders: Protochips, Eden Instruments
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