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Why using LPTEM ? " SO

TEM column is under ultra-high vacuum

&= samples have to be stable in these conditions
Conventionnal TEM (Ex-situ)

\

e Alteration of the sample
— + No dynamic tracking

* Weak representativeness of certain
phenomena

4

Rao, Duggi V. Sridhara et al. “TEM specimen preparation techniques.” (2010).

Cryo - TEM

Ethane liquide
Azote Liquide
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D. Ihiawakrim. Thése de Doctorat, Université de Strasbourg (2019)
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27/11/2023 — THE NANOAQUARIUM: A NEW PARADIGM IN ELECTRON MICROSCOPY
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Need of dynamic
tracking !




Two technical approaches for LPTEM

imaging liquid phase with TEM
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e Restricted
choice of liquid
(no organic
solvent, no
water...)

Pu, Shengda et al. “Liquid cell transmission electron microscopy and its applications.” Royal Society open science vol. 7,1 191204. (2020) doi:10.1098/rs0s.191204
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e Tricky sample
preparation

e Specific TEM
sample holder

* Wide liquid
choice
e possibility of
liquid flow
5
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@ A Brief Historical of microchip liquid cell " e OODD
\

MEMS (micro-electromechanical systems)

Rev. Sci. Instrum. 43,

Phys. Rev. 46, 527 (1934) 245-247 (1972) F. Ross
L. Marton E. Fullam| & M. Williamson Alivisatos et al.
FI1G. 2. Seaweed on Al-foil. X about 500, Fic. 2. Chromi hydroxide sph in water suspension 5000X.
1944 1974 2009
1935 1972 2003 2012
|. Abrams ! D. Parson H. Zheng
& J . M C Ba | n Science 1974 Nov
_ 1;186(4162):407-14.
Science Sep 22;100(2595):273-4. (1944) (1974)

Fig. 3. Electron diffraction pattern of a
wet microcrystal of ox liver catalase re-
corded on No-Screen medical x-ray film
at 200 kv. The projection was P2,-2, sym-
metry and corresponds to an orthorhombic
habit of catalase.
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€, ABrief Historical : MEMS based technology .. absb
\

Sandwich-like design

b}
SiN, electron transparent window
a Sapphire top
hy? & S

Similar design

Nature materials Cover
vglz- 28 (2003): Si: 100 u m Science 336,61-64(2012).
>3%6. SiN,: 20 nm .
F. Ross et al. 100nmSpacer Alivisatos et al.
SiN,: 20 nm
Si: 100 pm
2009
Spatial .
resolution~ 5nm 2003 2012

Spatial
resolution~ 1nm

H. Zheng et al.
Nano Lett. 2009, 9, 6, 2460-2465
|Cu
L7 cluster Diffusion
_{growth during
evaporation
on Au NPs
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Sandwich-like design - e
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A Brief Historical of microchip liquid cell s GODD
\

» A tremendous growing interest...

¥ {UMMINGBIRD
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@ DENS
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A MEMS Technology Company

5 YW.MEMS

27/11/2023 » ...Which lead to many commercial solutions 10
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How does it works ? _suaars 0190
\

Two setup configurations:

» Static cell

F\\gilicon substrate

Static Spacer

RN ;pacgm _silicon nitride

liquid Y _> (windows) -

: \.\;:l‘

»Flow cell

snhcon substrate
- Y

\\~
IN SITU LIQUID CELL k
N o liquid _ ___ Spacer suspension
silicon nitride 'l‘:\'\ N droplets
. (windows) - LS. D

\"\Zr‘nm

Flow Spacer




6 Electron beam damages
\

»Electron dose rate (radiation) : calculated in e". A”. s

electron beam damage

scattering
Lypes

beam damage
types

effects on
liguid cell

possible
solutions

electron irradiation damage

/\

elastic ﬁ'calwﬁng inelastic scattering
atom clmlr{mlﬂllc‘ #fCating radiolysis hydrocarbon
displacement and charging ] \ conlamination
sputlering / ]

I ] \
oy ]

relatively unwanted particle \ biological cell bubhble unwanted relatively
insignificant movement &, damage formation reacliongy insignificant
-
N - —_— e mm =
- low-energy beam - high-energy beam - liquid flow - cooling - cooling - cooling
- low e” dose - low e~ dose - exira cooling -low e dose  -lowe dose - low e dose
- change membrane - low ¢ dose - high-energy - high-energy - high-energy
- high-energy beam beam beam
beam - radical - radical - radical
- use correlative scavengers SCAVENgers scavengers
MICTOSCOPY - specimen

preparation

Pu, Shengda et al. “Liquid cell transmission electron microscopy and its applications.” Royal Society open science vol. 7,1 191204. (2020) doi:10.1098/rs0s.191204
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Radiolysis

» Radyolisis of water  H,0 H‘,H2 02, HO,
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MRS Bulletin , Volume 45, Issue 9: Liquid Phase Electron Microscopy , September 2020, pp. 746 - 753
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» Formation of H, bubbles
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https://www.cambridge.org/core/journals/mrs-bulletin
https://www.cambridge.org/core/journals/mrs-bulletin/volume/61EB0BD4F36D7190251B16ACC526F2E2
https://www.cambridge.org/core/journals/mrs-bulletin/issue/9FA1A510EE38DF2A77F9B42BC8026935
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Q Radiolysis B e 20D

- : CH,
Radyolisis of organic solvent b) radical stabilization via induction —
| | ik i
A Methanol B N,N-Dimethylformamide =~ C P PN /"C{?o -"/":C‘\
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BN CH, ®m HCOH ma H, BN CH, ®H Dimers W H, mHO, = O, mH, \_:I /C\ /CH3
I CH, &, He il HCONMeCH,» e, He ‘CONMe, i +OH e, He - H N
Cell Reports Physical Science, Volume 3, Issue 3, 16 March 2022, 100772 |
less stable more stable C H3
ACS Energy Lett. 2018, 3, 6, 1269-1278
¥

Moderate e dose
(50 . A’. s1)
e OH- oxidizing PbTe

, —wew NPs and induced
etching
- Be careful with the Water !

27/11/2023 PbTe NPs in toluene Nanoscale, 2019,11, 14573-14580 14

High e dose
(200 . A*. s)




@«\ Using the electron beam
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» Electron beam assisted reaction

o~ CgHi3 \/\/\/\/\ Octadecene
ot z COOH  130°C, 1.5h
Oleic acid

e 2 A

Nanoscale, 2022,14, 10950-10957
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o Coc [~ AR -+ ITI- Burst nucleation
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<= Coalescence and Internalized
Ostwald ripening nucleation grains
15
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Using the electron beam
\ L I IO

» Electron beam assisted reaction
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6 Few examples : Biomineralization
\

» Nucleation and growth CaCO;: influence of L-aspartic acid

— / RMN
In-situ TEM *

Simulation
-

98
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L-Asp dissolution
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27/11/2023 With L-Asp ‘% v %
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Q Few examples: Growth of gel

»Growth of tungsten oxide gel by « Chimie-Douce »

Combining local information with LPTEM

4

ze and time A
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Final state

time

09D

With average information with X-Rays Scattering



Q Few examples: Growth of gel

time

»Growth of tungsten oxide gel by « Chimie-Douce »

Combining local information with LPTEM...

Decatungstate clusters W,,0;,%

t <10min 15-30min
| | |

Strasbourg

8th.- 10" November 2023 ﬁ a a
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..With average information with X-Rays Scattering

Size and time A

CCW,,

0.01

'
= Na,wo,

Y = Final state

v =2

fitq

|\ T every 30min
\— every 150min

time

| | |
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| I I I time
I | " |

Reaction-limited cluster-

Formation of
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Cationic exchange resin
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wo >
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pHz89 pH=15

Instant
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Formation of
a fractal

Formation of W
oxide gel

(WOA)

Tungsten oxide

Decatungstate Dy =2
Wy,05,% 4H* _— e e r——————————
’ N W,,0,,* consumption
27/11/2023 1 1 1 | 1 ] size
I | I | | |
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£ Few examples : Electrochemistry I 3
\

» Evolution of an electrocatalyst in in-operando conditions : Co;0,

—~ '
"€ 10/ |— Classical set-up ¢e
§ in situ set-up L °
counter electrode working_elec!rode ' ' '
off the window E .
2051 After CV o ¢ o
reference electrode (V)]
f lectrod 2 '
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©
<
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-0.5 0.0 0.5
E vs [Fe(CN),J*/[Fe(CN) " (V)
Electrolyte: K,Fe(CN), -K,Fe(CN),-3H,0-1M KOH-NaCN

FIB-optimized Concentric Layout

Mixture of
Amorphous crystalline CoO,
CoOOH, Co(OH),

e beam
Crystalline
Co,0, Glassy Carbon CoO,H,

ACS Nano 2019, 13, 11372-11381
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Conclusion i, DODD
\
» Development of closed cell for LPTEM enable to image a wide range of liquid with nanometer resolution

» Possibility to study many phenomena :
* Nucleation and growth of nanomaterials
* Biological phenomena
* Electrochemistry

* Self-assembly, nanoparticles movement, battery....

» Always take in account liquid radiolysis, especially with water!

» Try to always performed complementary techniques and correlate
them with your TEM observations.

27/11/2023 21



