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Imaging the dynamics of nanomaterials in realistic media
with a transmission electron microscope

Damien Alloyeau

Me-ANS

Challenges in materials sciences

2 nm
100 nm

Nano-catalysts

Nano-pills

Fabrication Behavior in application media

We need to visualize nanomaterial dynamics under realistic conditions!

Nucleation & growth mechanisms

Transformation & degradation processes
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Liquid-cell TEM 

First french lab to exploit liquid-cell TEM (in late 2013)
Upgrade in 2018 : EDX compatible and temperature control

Closed-cell

® Protochips

Financed by the Labex SEAM and the CNRS (Defi Nano) 

F. Ross (IBM). Nature Materials. 2, 532–536 (2003)

Exploiting radiolysis processes to study nanoparticle growth

Radiolysis of water

H2O
e- beam

Reduction of metal precursor

Mn + e-
aq, H•                         Mn-1

M0

NucleationGrowth Electron dose is crucial ! 

Distinguishing thermodynamic
and kinetic effects

hydrated electrons (eh
-), 

hydrogen radicals (H˙), 
hydroxyl radicals (OH˙), 
dihydrogen (H2), 
hydrogen peroxide (H2O2), 
hydronium ions  (H3O+),  
hydroperoxyl radicals (HO2˙) 
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The electron dose allows controlling the kinetic of formation of nanostructures

0.055 e/sA2 < Dose < 1.4 e/sA2

x10

Stopping power of water (2.798 105 eV.m2/kg, at 200kV)

2.5 105 Gy/s < dose <  6.2 106 Gy/s

50k

100k

200k

HAuCl4 (1 mM) in water

Kinetics effects

Magnification 400 k
dose = 1.6 10 7 Gy/s

50 nm

Magnification 250 k
dose = 6.2 10 6 Gy/s

200 nm 200 nm

Magnification 100 k
dose = 10 6 Gy/s

Electron dose

Reaction limited
Growth

Diffusion limited
Growth

Alloyeau et al. Nanoletters 15, 2574 (2015)

The formation of facetted nanoparticles
requires reducing reaction rate < 3 atomic layers per seconds 
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Diffusion limited growth

Ahmad et al. Advanced Structural and Chemical Imaging 2, 9 (2016)

Eden model 1961 
(growth in rich environment)

Diffusion limited aggregation (DLA) 
« food is far away »

Pristine area

Pre-exposed area

Collaboration with Y. le Bouar (LEM, ONERA)

The formation of 2D or 3D nanostructures is not a kinetic effects

Electron tomography (± 60°)

+ DART reconstruction
(collaboration with Ovidiu Ersen, IPCMS, Strasbourg)

40 nm 40 nm

Aspect ratio ≈1 Thickness = 21 ± 6 nm

2D
3D 2D

3D
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Convex Concave

ConvexConcave

Planar defects
(Twin planes or stacking faults)

[111]

[422]

[220]

1/3 [422]

2/3 [422]

65 %

25 %

10 %

The formation of 2D or 3D nanostructures is driven by crystal defects

1/3 [422]

2/3 [422]

65 %

25 %

10 %

Growth mechanisms of nanoplates dictacted by crystal defect

ConvexConcave
Convex Concave

ConvexConcaveFast growth
a b

Slow growth
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Silver halide model (Berriman, Nature, 1957)
Lofton (2005)

Alloyeau et al. Nanoletters 15, 2574 (2015)
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Seed-mediated synthesis Face-blocking methods

Can we provide a fresh look at sophisticated chemical synthesis ? 

Main strategies to control thermodynamic effects on the growth of metal nanoparticles

PVP CTABCTAC

Alkylamine Citrate

Stellation 
processes ???

A. Guerrero-Martínez et al.  Current Opinion in Colloid & Interface Science 16, 118 (2011)
P. Pallavicini et al. Book Chapter in « Gold Nanostars » (Ed: Springer, 2015) 

Monotoring stellation processes at the nanoscale

No stellation processes
on decahedral seeds

Well symmetric nanostars form
on perfect icosahedral seeds

Ahmad et al. Nanoletters 17, 4194 (2017)
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Common view of crystal growth

“The habit of a crystal is determined 
by the relative rates at which different crystal planes grow”
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The index of nanostar facets continuously 
changes during the formation of the arms

{321}{643} {421}

Ahmad et al. Nanoletters 17, 4194 (2017)

Alkylamines modifies the surface diffusion mechanisms

Reconsidering the effects of organic functionalization on the growth of metallic nanoparticles
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Studying the degradation of nanomaterials 

(Bio)dégradation of carbon nanotubes
Elgrabli et al. ACS nano 9, 10113 (2015)

Bimetallic corrosion of Cu nanoshells on gold core
Ahmad et al. Journal of microscopy 269, 127 (2018)

Oxydative etching of gold nanorods
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Beam + NaCl + HCl

Reaction rates (atomes.s-1.nm-2)

kTips > 10 ksides

Hermannsdorfer et al. ChemComm (2015)
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Le coin ici est 111
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degradationStructure

Structure of gold nanorods

Axe de zone [001] Axe de zone [110]

Inhomogeneous distribution of citrate coating

Nanorod corners are frequently less covered
leading to a better access to gold surface for etching agents 
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DFT calculation : no citrate adsorption on (111)

Performed by Hazar Guesmi and co-workers, University of Montpellier

Surface accessibility rules corrosion processes

50 s0 s 20 s 40 s

Self assembling in water

Etching of 1D assembly in oxidative media
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Studying material dynamics under realistic conditions

Live 
sciences

Earth
Sciences

Materials
Sciences

Biological mineralization of Mn
T. Couasson, A. Gelaber et B. Menez (IPGP)

Biomaterials dynamics (extra-cellular vesicles)
Piffoux et al. Nanoscale 10, 1234 (2018)
Florence gazeau and Amada Silva (MSC)

Nanocatalyts dynamics in gazeous conditions
Christian Ricolleau et Jaysen Nelayah

Creating interdisciplinary synergies

2018 – 2022;     50 Laboratories; > 150 researchers

1st Meeting in Lyon, 28th/30th November 2018 !!! 
(sponsored by the LABEX SEAM)

www.nanoperando.com
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Paris Diderot University.

Walid Dachroui
Nabeel Ahmad
Yasir Javed
Helene Prunier
Adrian chmielewski
Caroline Byun
Abdelali Khelfa
Jaysen Nelayah
Christian Ricolleau
Guillaume Wang

Thank you

Paris Diderot University.

Dan Elgrabli
Max Piffoux
Jeanne Volatron
Florence gazeau
Florent Carn
Amanda Silva

Foundings : 

Paris Diderot University.

Souad Ammar
Helene Lecoc

Strasbourg University.

Alberto Bianco (IBMC)
Dominique Begin (ICPEES)
Silvie Begin (IPCMS)
Ovidiu Ersen (IPCMS)

Paris sud University /
Trousseau-La Roche Guyon
Hospital group

Jelena Kolosnjaj-Tabi
Fathi Moussa

Institut de physique 
du globe de Paris .

Thais Couasson
Alexandre Gelabert


