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Materials in nature

http://www.followtheyin.com/

http://news.berkeley.edu/2016/06/30/ Y. Gu, et al., e-Polymers 2020, 20 (1), 443–457 

https://www.newscientist.com/article/dn26994
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Natural vs. manmade hard materials

L. Addadi, et al., Chemistry-a European Journal, 2006, 12, 981-987 

Nacre

Chalk

https://chalkshop4.ru/mel/
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Nacre: A hard material produced by nature

L. Addadi, et al., Chemistry-a European Journal, 2006, 12, 981-987 

Adapted from Cartwright, J. H. E.; Checa, A. G.  Journal of the Royal Society Interface 2007, 4, 491. 

Production of nacre



Processing of nacre-inspired materials

A. Finnemore, et al., Nat. Comm., 2012, 3
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Production of natural vs. synthetic materials

Adapted from Cartwright, J. H. E.; Checa, A. G.  Journal of the Royal Society Interface 2007, 4, 491. 

Some differences between the 
natural and synthetic 

processing of minerals:

• Confinement
• Control over location of 

crystallization

A. Finnemore, et al., Nat. Comm., 2012, 3
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Production of natural vs. synthetic materials

Adapted from Cartwright, J. H. E.; Checa, A. G.  Journal of the Royal Society Interface 2007, 4, 491. 

Some differences between the 
natural and synthetic 

processing of minerals:

• Confinement
• Control over location of 

crystallization

A. Finnemore, et al., Nat. Comm., 2012, 3
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1 μm

Solvent-free kinetic quenching the production of CaCO3



100 μm

movie 1000 × slowed down

100 μm

Microfluidic spray-drying

E. Amstad et al., Science, 2015
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Influence of processing conditions on particle size

Initial solute concentration Temperature of drying air

H. Du, et al., JACS, 2018, 140 (43), 14289-14299

Huachuan
Du
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~100 ms ~10 s

~45 nm ~130 nm

20 nm

2 1/nm

a b c d

Influence of particle size

formation time

particle size

Huachuan
Du
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Influence of storage temperature
60 ℃

200 ℃

100 ℃

300 ℃

RT

Vacuum

20 nm

H. Du, et al. JACS, 2018, DOI: 10.1021/jacs.8b08298

Huachuan
Du

H. Du, et al., JACS, 2018, 140 (43), 14289-14299
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Degree of hydration of 
amorphous CaCO3 particles

Huachuan
Du

H. Du, et al. JACS, 2018, DOI: 10.1021/jacs.8b08298



as-prepared

dehydrated
in vacuum
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Influence of particle size on structural stability

Huachuan
Du

H. Du, et al., JACS, 2018, 140 (43), 14289-14299
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Pressure-induced crystallization

as prepared

T = 400°C 

p = 750 <MPa
Huachuan

Du



Influence of additives on structural stability
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Huachuan
Du

H. Du, et al, Chem. Mater., 2020, 32 (10), 4282–4291
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Huachuan
Du

H. Du, et al, Chem. Mater., 2020, 32 (10), 4282–4291

Influence of additives on 
humidity-induced crystallization

unfunctionalized unfunctionalized

PAA-15k Mg

CIT TEM: unfunctionalized

⚫ calcite
▲ vaterite



Pressure-induced crystallization
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Huachuan
Du

H. Du, et al, Chem. Mater., 2020, 32 (10), 4282–4291

⚫ calcite
▲ vaterite

AA functionalized AA functionalized
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Production of natural vs. synthetic materials

Adapted from Cartwright, J. H. E.; Checa, A. G.  Journal of the Royal Society Interface 2007, 4, 491. 

Some differences between the 
natural and synthetic 

processing of minerals:

• Confinement
• Control over location of 

crystallization

A. Finnemore, et al., Nat. Comm., 2012, 3
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Mineralization of hydrogels

Huachuan
Du
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Influence of mineralization on 
mechanical properties

§

mineralized

neat

Huachuan
Du



Influence of Mg2+ on the mineral structure 
and mechanical properties of the composite

Mg2+ : Ca2+ ratio

Mg2+ : Ca2+ = 2 : 1

Mg2+ : Ca2+ = 4 : 1 Mg2+ : Ca2+ = 5 : 1
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Huachuan
Du
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Influence of hydrogel-mineral interaction
CaCO3 Mg2+ : Ca2+ = 5 : 1

Mg2+ : Ca2+ = 5 : 1 Mg2+ : Ca2+ = 5 : 1

i: no mineral

ii: CaCO3

iii: Mg2+ : Ca2+ = 5 : 1 Huachuan
Du
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MineralizaEon of hydrogels

1 µm

500 µm

Bulk hydrogels
Huachuan

Du

5 mm

20 µm

Porous minerals?
Ran 
Zhao
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Porous minerals

5 mm

20 µm

Ran 
Zhao

R. Zhao, E. Amstad, in print in Small
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MineralizaEon of emulsion drops
CO3

2− ionsCa2+ ionssurfactant

Ran
Zhao
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Stabilization of emulsions
T = 0

T = 5 min T = 15 min

Before emulsification
Gaia

DeAngelis



Ionic crosslinking of surfactants
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Holten-Andersen, N.; et al., 
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FabricaEon of viscoelasEc capsules
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Mineralization of emulsion drops
CO3

2− ionsCa2+ ionssurfactant

Ran
Zhao

Oil evaporation

air

air

air

air

Emulsion-based ink 

Na2CO3 bath 

Poly(vinyl alcohol) (PVA)

In-situ mineralization

CaCO3 crystals

oil

oil

oil
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3D printing of porous CaCO3

Ran
Zhao

32 × real Dme
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Microstructure of 3D printed CaCO3
monodisperse 

pores, 
D ≈100 µm

40 µm

Ran
Zhao

polydisperse 
pores, D ≈
2 – 200 µm

40 µm

2 µm

Hierarchical 
pores, D ≈
2-200µm

Hierarchical 
pores,

D ≈ 0.2-2µm

1 µm

Ran
Zhao
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Casting toucan beaks

Ran
Zhao

5 mm

De-mouldingArtificial beaks

https://www.earthtouchnews.com/
5 mm

Moulding



34

“Living” 3D printed composites

4 °C, 30 min

emulsification

soaking in 
alginate

washing

jamming mineralizaRon

Matteo
Hirsch

Lorenzo
Lucherini



35Adapted from A.C. Daly, et al., Nat. 
Rev. Mat. 2020, 5 (1), 20–43 

jamming

3D printing of granular hydrogels
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3D printing of bacteria-loaded microgels

Matteo
Hirsch

Lorenzo
Lucherini
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Mechanics of soK granular materials

Matteo
Hirsch
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3D prinEng of 
bacteria-containing emulsions

Dripping Extrusion

Not stable

Matteo
Hirsch

Lorenzo
Lucherini
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Mineralization of 
3D printed structures

CaCl2 solu@on YUT media

Matteo
Hirsch

Lorenzo
Lucherini
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Shrinkage of mineralized scaffold

Matteo
Hirsch

Lorenzo
Lucherini
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5 µm

Matteo
Hirsch

Lorenzo
Lucherini

Structure of mineralized samples

21 3 4

100 µm 100 µm 100 µm 100 µm
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Matteo
Hirsch

Lorenzo
Lucherini

Structure of 3D printed composites

500 µm
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1 kg

1 cm

Mechanics of mineralized composite

Matteo
Hirsch

Lorenzo
Lucherini
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Biomineralized

Pre-mixed

Biomineralization vs. pre-mixing

Matteo
Hirsch

Lorenzo
Lucherini
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How do you process this material 
in practice?

Matteo
Hirsch

Lorenzo
Lucherini

2 cm 2 cm 2 cm
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Where might this material be useful?

Matteo
Hirsch

Lorenzo
Lucherini

1 cm 1 cm 1 cm



Conclusions
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Outlook
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5 mm

20 µm

Ran 
Zhao

R. Zhao, E. Amstad, in print in Small
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