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This presentation would not exist without…
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- Basics of ceramics

- ZnO nanostructuring

- Nanocracks

- ZnO nanowires

- Spontaneous nanostructuration



Ceramics
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Pottery

Terracota

Ceramics

Keramos (greek)



Granulometry
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dA, diameter of the projected area: 
diameter of a spherical particle with the same 
projected area as the particle viewed in a 
direction perpendicular to the plane of the 
greatest stability of the particle

dF, Feret’s diameter (caliper diameter)

dV, diameter of the sphere having the same
volume

dS, diameter of the sphere having the same 
equivalent specific surface 

What is the diameter of a particle?



How to measure grain sizes
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Particle size Measurement method

> 100 µm Dry sieving

> 30 µm Wet sieving

1 µm < x < 100 µm Sedimentometry

0.1 µm < x < 20 µm Centrifugation

0.02 µm < x < 2 µm Laser diffraction

0.02 µm < x < 1 mm Microscopies



How to measure grain sizes: diffraction
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Each randomly moving particle in a medium
(water, alcohol, etc.) absorbs, diffracts, refracts, 
reflects or scatters light at an angle that depends
on its size

The diffraction angle of small particles (α1) is bigger 
than the diffraction angle of bigger particles (α2)



How to measure grain sizes: Airy pattern
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d1 > d2



How to measure grain sizes: laser granulometry
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Fraunhofer diffraction theory

- Spherical and opaque particles
- Diameter of the particles > λ of the beam
- Particles far from each other
- Particles move randomly

diffraction diffraction

refraction

absorption

- Spherical particles
- Homogeneous particles
- Particles far from each other
- Refractive indices of the particles and 
the medium are known

Mie scattering theory



How to measure grain sizes: laser granulometry

12



How to measure grain sizes: laser granulometry
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Laser granulometry: an example
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Dynamic Light Scattering (DLS)

15

For nanoparticles (1 – 500 nm)

All particles in the solution are hit by the 
light and all of them diffract the light 
in all directions.

The diffracted light interfere either 
constructively (light regions) or 
destructively (dark regions).

Information is contained about the time 
scale of movement of the scatterers.

Autocorrelation of the intensity trace
→ diameter



Morphology
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Scanning electron microscopy

K2CO3

Na2CO3

Nb2O5

10 µm

10 µm

10 µm



Purity and crystal structure
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Rapport Chimie 
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3°) Diffraction R X 

La diffractométrie de rayons X (DRX) est une technique d'analyse fondée sur la 

diffraction des rayons X sur la matière. La diffraction n'ayant lieu que sur la matière cristalline, 

on parle aussi de radiocristallographie. Pour les matériaux non-cristallins, on parle de diffusion. 

L'appareil de mesure s'appelle un diffractomètre. Les données collectées forment le 

diagramme de diffraction ou diffractogramme. 

Toute onde étant diffractée lorsqu’elle arrive sur un objet ou entre deux objets dont la 

taille est égale à la longueur d’onde de cette dernière, on peut déterminer les distances inter-

réticulaires des atomes, et donc leurs agencements dans la matière, en mesurant les ondes 

diffractées. Il suffit d’envoyer une onde approprié, en l’occurrence des rayons X dont la 

longueur d’onde est de l’ordre de grandeur de l’Angström. 

La loi de Bragg énonce les conditions de diffraction d’un rayon X sur un cristal :  

Si λ est la longueur d'onde de la radiation et d  est la distance inter-réticulaire du plan 

cristallin diffractant, alors les directions 2θ de l'espace dans lesquelles on aura des pics 

d'intensité (le 0 pour 2θ étant la direction du faisceau incident) vérifient : 

 

Avec : 

 d  = distance inter-réticulaire, c'est-à-dire distance entre deux plans cristallographiques ; 

 θ, angle de Bragg = demi-angle de déviation (moitié de l'angle entre le faisceau incident 

et la direction du détecteur) ; 

 n = ordre de diffraction (nombre entier) ; 

 λ = longueur d'onde des rayons X. 

 

 

 

 

X-ray diffraction

Bragg’s law: λ = 2d sinθ



Process to obtain a ceramic

18

selection and storage
of raw materials

grinding

calcination chemical synthesis

grinding

shaping

sintering

polishing

synthesis

ceramic

Rapport Chimie 
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4°) Pastillage 

Les pastilles seront de 0.7000g, et deux gouttes de PVA 

(additif) seront ajoutées à la poudre, afin de permettre aux 

pastilles de se tenir, puis mélangé au mortier. Le pastillage est 

réalisé par pressage uni-axial sous 2T, avec un maintien en 

pression d’une minute trente. 

 

 

 

5°) Frittage : 

Avant l’étape de frittage, la pièce est mise en forme par des techniques qui dépendent 

de ses dimensions et de sa complexité : le pressage uni-axial dans notre cas. La pièce ainsi 

préparée dite pièce en cru (ou vert) est ensuite consolidée et densifiée par le traitement 

thermique de frittage. D’un point de vue technologique on distingue le frittage naturel 

effectué sans contrainte mécanique (chauffage sous air ou sous atmosphère contrôlée), du 

frittage sous charge effectué en appliquant une pression extérieure simultanément au 

chauffage (dans notre cas, le frittage naturel à été utilisé.) 

Le frittage peut être décrit comme le passage d’un compact pulvérulent à un matériau 

cohérent sous l’action de la chaleur. Au cours de cette transformation, la forme de la pièce est 

conservée, son volume en général diminue (phénomène de retrait). La consolidation du 

compact s’effectue par la formation de liaisons entre les grains ;; s’il y a fusion au cours du 

frittage, celle-­­ci ne peut être que très localisée afin de conserver une cohérence à l’ensemble 

de la pièce. Pour les matériaux réfractaires, ou ceux qui se décomposent avant de fondre, le 

frittage est un moyen incontournable pour produire des pièces à des températures inférieures 

aux températures de fusion ou de décomposition ;; en contrepartie, dès que l’on chauffe une 

poudre à des températures élevées, le frittage qui se produit a tendance à souder les grains, 

diminuer la surface réactive avec l’extérieur et souvent s’opposer à la réactivité de la poudre 

(baisse d’activité d’un catalyseur, par exemple). 

  D’un point de vue physico-chimique, on distingue plusieurs types de frittage suivant les 

réactions qui se produisent à l’intérieur du comprimé, tels que : 

-Le frittage en phase solide, au cours duquel tous les constituants restent solides. La 

densification est produite par la soudure et le changement de forme des grains. Ce frittage 

peut donc être monophasé à un constituant ou polyphasé. On peut, de façon ponctuelle, 

ajouter des additifs qui permettent, sans créer de phase liquide, d’accélérer la densification. 

Ce mode de frittage est particulièrement utilisé pour les céramiques techniques dont la pureté 

des joints de grains est importante pour les propriétés d’usage : thermomécaniques (outils de 

coupe, barrières thermiques, combustible nucléaire), électriques ou magnétiques 

(diélectriques, varistances, supraconducteurs), optiques, voire biologiques. 

Presse uni-axiale de 

laboratoire 

tungsten carbide



Sintering
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Powder material Solid, dense, granular, 
polycristalline material

= a ceramic!

Thermal cycle



Take home message
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To obtain “good” ceramics, you need first “good” precursors

“good” ceramics = relevant properties 

“good” precursors = known size, shape and structure



Outline
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- Basics of ceramics

- ZnO nanostructuring

- Nanocracks

- ZnO nanowires

- Spontaneous nanostructuration



What can we do with waste heat?
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Efficiency of a thermoelectric material
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ZT  =  T S2/ = T S2/

High Seebeck coefficient

High electrical conductivity

Low thermal conductivity



Phonon scattering in thermoelectrics
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short wavelength phonons
→ atomic defects

mid- and long-wavelength phonons 
→ nanoparticles, grain boundaries

Vineis et al. Adv. Mater. 22 (2010).



ZnO: thermal conductivity

25Giovannelli et al. J. Eur. Ceram. Soc. 38 (2018).

Coming soon….



ZnO: controlled precipitation in aqueous solution
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125 mL
4 M NaOH

100 mL
1 M Zn(NO3)2·6H2O
(+ 2% AlCl3)

Dropwise addition, stirring, 20°C
Centrifugation (4000 rpm - 5 min)
Washing 4 times

Giovannelli et al. Powder Technol. 262 (2014).

500 nm500 nm

500 nm500 nm

A B

C D



ZnO: different starting morphologies

27Giovannelli et al. Powder Technol. 262 (2014).

500 nm500 nm

500 nm500 nm

A B

C D

A Pure ZnO, 20°C
→ sand rose morphology

B Al-doped ZnO, 20°C
→ platelets and nanoparticles

C Al-doped ZnO, 60°C
→ isotropic nanoparticles

D Al-doped ZnO, 20°C
(90% water + 10% ethanol)
→ sand rose morphology



ZnO: different starting morphologies

28Giovannelli et al. J. Eur. Ceram. Soc. 38 (2018).

A Pure ZnO, 20°C
→ sand rose morphology

B Al-doped ZnO, 20°C
→ platelets and nanoparticles

C Al-doped ZnO, 60°C
→ isotropic nanoparticles

D Al-doped ZnO, 20°C
(90% water + 10% ethanol)
→ sand rose morphology

Wurtzite ZnO



Spark plasma sintering

29Phuah et al. Materials 13 (2020).

Advantages: fast, limited grain growth, limited evaporation, high densities
Drawbacks: carbon contamination, reducing environment, sintering process unclear



ZnO: after spark plasma sintering

30Giovannelli et al. J. Eur. Ceram. Soc. 38 (2018).

500 nm

A B

C D

1 µm

1 µm

1 µm

1 µm

A B

C D

600°C
65%

500°C
95%

500°C
93%

500°C
90%

100 Mpa, 100 K min-1, 5 min 

A porous
B micron-size grains
C 100 nm grains
D isotropic grains (150 nm)
& anisotropic grains (500 nm)



ZnO: grain growth

31Giovannelli et al. J. Eur. Ceram. Soc. 38 (2018).

D

D D2

Higher sintering temperature → grain growth

2 µm 2 µm2 µm

D1500°C 800°C 1000°CD2



ZnO: texturation

32Giovannelli et al. J. Eur. Ceram. Soc. 38 (2018).

D

D

2 µm 2 µm

Powders
A sand rose morphology
B platelets and nanoparticles
C isotropic nanoparticles
D sand rose morphology

A B

C D



ZnO: texturation

33Giovannelli et al. J. Eur. Ceram. Soc. 38 (2018).

D

D

2 µm 2 µm

Cross Section Surface

Ceramic B
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ZnO: texturation

34Giovannelli et al. J. Eur. Ceram. Soc. 38 (2018).
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ZnO: thermal conductivity

35Giovannelli et al. J. Eur. Ceram. Soc. 38 (2018).

Sample Average grain 
size (nm)

D2 5000

D1 1100

B 700

D 150/400-700

C 110

The thermal conductivity
decreases with decrasing
grain size



ZnO: annealing times

36Giovannelli et al. J. Eur. Ceram. Soc. 38 (2018).

2 µm 2 µm 2 µm

500 nm

C C1 C2
C
o
re

S
u
rf

a
ce

500 nm 500 nm

500°C, 24h 500°C, 72h



ZnO: thermal conductivity

37Giovannelli et al. J. Eur. Ceram. Soc. 38 (2018).



Take home message
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The size of the grains in ceramics depends on the size and morphology of 
the particules in the precursors. 

The thermal conductivity decreases with decreasing grain sizes.



Outline
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- Basics of ceramics

- ZnO nanostructuring

- Nanocracks

- ZnO nanowires

- Spontaneous nanostructuration

Thermal 
conductivity



Exsolution

40Chen et al. Materials Characterization 149 (2019).

Coming soon….



Pseudobrookite

41Seitz et al. Inorg. Chem. 55 (2016). Cleveland et al. J. Am, Ceram 478 (1978).

Fe2TiO5

Orthorhombic (Bbmm space group)
Fe preferentially occupies 4c position
n-type semiconductor

High values of Seebeck coefficients:
-100 to -320 µV K-1 [286-1000 K] 



Thermal diffusivity upon cycling

42Chen et al. Materials Characterization 149 (2019).



X-ray diffraction after cycling

43Chen et al. Materials Characterization 149 (2019).

initial

after 3 cycles



Thermal diffusivity: influence of cracks

44Chen et al. Ceram. Int. 44 (2018).

High degree of anisotropy in 
thermal expansion →

formation of microcracks 
during cooling



X-ray refraction radiographs

45Chen et al. Materials Characterization 149 (2019).

Relative specific surface

initial

after 3 cycles

Increase of specific surface 
during cycling



X-ray refraction radiographs

46Chen et al. Materials Characterization 149 (2019).

initial

after 3 cycles

initial after 3 cycles

nanocrystals at grain boundaries



Transmission Electron Microscopy images

47Chen et al. Materials Characterization 149 (2019).

Fe2TiO5 with higher 
purity and better 
crystallinity is then 
obtained
→ higher thermal 

diffusivity

Ca

Ti O

Fe Ti+Ca+O



Take home message
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Stop blaming all the time the cracks!

Never trust X-ray diffraction to assess the purity of a compound!



Outline
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- Basics of ceramics

- ZnO nanostructuring

- Nanocracks

- ZnO nanowires

- Spontaneous nanostructuration



Doped ZnO wires by…

50Giovannelli et al. J. Phys. Chem. Solids 158 (2021).

Coming soon….



ZnO wires: standard growth reactor

51Calestani et al. MRS Proc. 1174 (2009).

Zn source: polycristalline
evaporation
In 3: nanowires
In 5: tetrapods



ZnO wires: standard growth reactor

52Calestani et al. MRS Proc. 1174 (2009).

NanowiresTetrapods



Optical furnace

53Keck et al. Phys. Rev. 39 (1953). Revcolevschi et al. Progress in Materials Science 42 (1997).

quartz 
tube

halogen
lamp seed rod

mirror

light

feed rod

focus → melting of the rod → contact → crystal growth

- power of
the lamps
- diameter of
the rod

- quality of
the seed
- stable  
melted zone

- speed of 
rotation and 
translation



Optical furnace: before the growth
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Synthesis of the phases

Shaping: isostatic pressing of the rods (diameter: 6 mm)

Sintering → homogeneous structures



Optical furnace: experimental setup

55

feed rod: 
free to move

seed rod: fixed
with ceramic paste



ZnO wires

56Giovannelli et al. Mater. Lett. 107 (2013).

In 10 minutes
ZnO (ceramics) → Zn (g) + ½ O2 (g) → ZnO (wires)



ZnO wires: X-ray diffraction

57Giovannelli et al. Mater. Lett. 107 (2013).

Powder diffraction



ZnO wires: high crystallinity

58Giovannelli et al. Mater. Lett. 107 (2013).

Micro-diffraction Rocking curve



ZnO tetrapods

59Giovannelli et al. Mater. Lett. 107 (2013).

Higher temperatures (higher lamp power)



Doped ZnO wires

60Giovannelli et al. J. Phys. Chem. Solids 158 (2021).

Co Ni Fe



Doped ZnO wires: diffusion process

61Giovannelli et al. J. Phys. Chem. Solids 158 (2021).

Co Fe

Energy-dispersive X-ray 
spectroscopy (EDX) 
measurements



Doped ZnO wires: diffusion process

62Giovannelli et al. J. Phys. Chem. Solids 158 (2021).

Co Fe

Scanning capacitance microscopy measurements

base

middle

tip



Crystallization of SnO2

63Giovannelli et al. J. Phys. Chem. Solids 158 (2021).

Co

SnO2 (ceramics) → SnO (g) + ½ O2 (g)

< 100 μm: no crystallization

100 μm - 800 μm: microwires (diameter: 10 μm)

800 μm - 3 mm: microwires (diameter: 50 μm)



Take home message
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It is possible to make nanostructures with techniques designed for 
macroscopic samples.



Outline
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- Basics of ceramics

- ZnO nanostructuring

- Nanocracks

- ZnO nanowires

- Spontaneous nanostructuration



Is it possible to control heat flows as easily as electricity?

66

High thermal conductivityLow thermal conductivity



Is it possible to control heat flows as easily as electricity?

67

High thermal conductivityLow thermal conductivity

Not yet….



Target to be cooled

Thermal switch

Caloric material (cold)

Thermal switch

What could be achieved with thermal switches?

68

Environment
Low heat

flow

High heat
flow Target to be cooled

Thermal switch

Caloric material (hot)

Thermal switch

Environment

Environment friendly refrigeration



The ideal thermal switch

69

R = kH/kL

~ 10

No moving 
parts

Cyclable
109 times

Switch fast
< 20 ms

Environment 
friendly

Easily 
manufactured

Close to room 
temperature

Operate with small 
temperature gradients

< 4 K

High thermal conductivityLow thermal conductivity



Current strategies for thermal switches

70

insulator-metal transition

(phase change materials)

Gomez-Heredia et al. Sci. Rep. 9 (2019). Kimling et al. Phys. Rev. B, 91 (2015).

VO2

giant magnetoresistance

Co/Cu multilayers



A ferroelectric perovskite

71

Ba

O

Ti



Prediction: anisotropy-driven thermal conductivity

72Seijas-Bellido et al. APL 115 (2019). 

High thermal conductivity

Low thermal conductivity



BaTiO3: an experimental model for a verification

73

BaTiO3 single crystals at room temperature have a tetragonal symmetry
and spontaneously exhibit ferroelectric domains



BaTiO3: an experimental model for a verification

74

Low thermal conductivity High thermal conductivity
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Image of ferroelectric domains
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Piezoresponse force microscopy image of the domains
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wikipedia.org/wiki/Piezoresponse_force_microscopy
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Image of ferroelectric domains

76

Piezoresponse force microscopy image of the domains
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Scanning Thermal Microscopy measurement

77

Measurement in 2 steps

Sample

2

2 mm

1

Sample

Out of contact (OC) In contact (IC)

Δ𝐺𝑝 = 𝐺𝑝−𝐼𝐶 − 𝐺𝑝−𝑂𝐶

=
𝐺𝑐𝑜𝑛𝑡𝑎𝑐𝑡

1 +
𝐺𝑐𝑜𝑛𝑡𝑎𝑐𝑡
𝐺𝑠𝑎𝑚𝑝𝑙𝑒

− 𝐺𝑒𝑛𝑣
𝐺𝑠𝑎𝑚𝑝𝑙𝑒 =

1

4𝑏κ𝐵𝑎𝑇𝑖𝑂3
+

4

3𝜋𝑏2
𝛬𝑝ℎ−𝐵𝑎𝑇𝑖𝑂3
κ𝐵𝑎𝑇𝑖𝑂3

−1

𝛬𝑝ℎ−𝐵𝑎𝑇𝑖𝑂3  100 nm

Donovan et al. APL 105 (2014). 



In vacuum

Scanning Thermal Microscopy measurement

78

In air

κa-domain - κc-domain = + 0.3 W m-1 K-1



Ferroelectric domains move under an electric-field

79

100 µm



High thermal conductivity

Take home message: a ferroelectric thermal switch

80

Ferroelectric domains exhibit different thermal conductivities
Ferroelectric domains move under an electric field
→ it’s a thermal switch!

Low thermal conductivity
V 0



What about domain walls?

81

domain
wall



A zoo of ferroelectric domain walls

82Nataf et al. Nat. Rev. Phys. 2 (2020).



Image of a real ferroelectric domain wall

83Gonnissen, Batuk, Nataf et al. Adv. Funct. Mater. 26 (2016).

Scanning transmission electron
microscopy on a 180° Ising
domain wall in LiNbO3



Domain-wall engineering:
electric conduction in ferroelectrics

84Nataf et al. Nat. Rev. Phys. 2 (2020). Meier, Selbach, Nat. Rev. Mater. 7 (2021). Sharma et al., Materials 12, 2927 (2019).



Domain-wall engineering:
electric conduction in ferroelectrics

85Nataf et al. Nat. Rev. Phys. 2 (2020). Meier, Selbach, Nat. Rev. Mater. 7 (2021). Sharma et al., Materials 12, 2927 (2019).



Domain-wall engineering:
polarization in non-polar materials

86Yokota et al. Phys. Rev. B 89 (2014). Nataf et al. Phys. Rev. Mater. 1 (2017). 



Domain-wall engineering:
polarization in non-polar materials

87Nataf et al. Nat. Rev. Phys. 2 (2020). Cherifi-Hertel et al. J. Appl. Phys. 129 (2021).



Take home message

88

Domain-wall engineering in ferroelectric and ferroelastic materials

Domain walls are 2D topological defects that can move in response to an 
electric-field or an applied pressure. When this spatial confinement is 
combined with observations of emergent functional properties, it becomes 
clear that domain walls represent new and exciting objects in matter. 



Prediction: domain walls reduce the thermal conductivity

89

κHigh/κLow = 4

Li et al. Sci. Rep. 4 (2014). Royo et al. Phys. Rev. Mater. 1 (2017).

High thermal conductivity Low thermal conductivity



A set of suitable samples: LaAlO3 single crystals

90

annealed at 1200 K 
in air for 6h

quenched from 680 K 
in oil/water

quenched from 680 K 
in oil/water

as-received as-received



Different densities of domain walls

91



Physical Property Measurement System (PPMS)

92

0.2 K min-1

data on cooling and heating



Domain walls reduce the thermal conductivity

93



Mean free path of the phonons

94

Mean free path: k = 1/3 Cv v L
Effective mean free path: 1/L = 1/Ldomain wall + 1/Lmonodomain

Scattering mechanisms:
domain walls, dislocations, Umklapp



Mean free path of the phonons

95

Mean free path: k = 1/3 Cv v L
Effective mean free path: 1/L = 1/Ldomain wall + 1/Lmonodomain

Scattering mechanisms:
domain walls, dislocations, Umklapp



Revisiting the Casimir model

96Casimir, Physica 5 (1938).

Each domain can be considered as an independent rectangular rod with its own thermal conductivity

If walls are orthogonal to the flow, domains are in series, thermal resistances are additive

If walls are parallel to the flow, domains are in parallel, thermal conductances are additive



Revisiting the Casimir model

97Casimir, Physica 5 (1938).

Samples: F A B C D

D (µm) monodomain 19 9 15 9

LB (µm) 827 79 45 22 15

LC (µm) 827 78 47 12 8



Take home message: a "ferroelectric" thermal switch

98

Domain walls lead to a strong reduction of the thermal conductivity (factor 5)
Domain walls parallel to the heat flow influence the thermal conductivity
The mean free path of the phonons is larger than the size of the domains

High thermal conductivity
V

Low thermal conductivity
0
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