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THE ISSUE OF SUSTAINABILITY!!!
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What is Environmental Sustainability?

“Meeting the needs of the present without
compromising the ability of future generations
to meet their own needs”



What is Environmental Sustainability?

Interlocking Crises Definition



What is Environmental Sustainability?



THE IMPORTANCE OF WATER
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The importance of Water



The importance of aquatic ecosystems

Functions

Recycle 
Nutrients

Water 
Purification

Recharging 
Ground 
Water

Supporting 
Biodiversity



TOWARDS A SUSTAINABLE

MATERIALS ECOSYSTEM
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Next 

decade
???

2050
2017

Global Raw 

Materials 

Use

More than 90 billion 

metric tons

More than 60% is 

extracted in Asia

Global Raw 

Materials 

Use

Mostly extracted in 

Africa

Environmental 

Threats

Bio-diversity. Land-

use change, climate 

impacts, 

biogeochemical flows

Global Raw 

Materials 

Use

More than 180 billion 

metric tons

Sustainable Materials System Roadmap



Environmental Life-Cycle of Materials

Toward a sustainable materials system, DOI: 10.1126/science.aat6821.

Beginning in the mid-50s

The shift from biomass or

renewable materials to

nonrenewable substances

https://libgen.is/scimag/10.1126%2Fscience.aat6821


Environmental Life-Cycle of Materials

Primary metal extraction accounts

for 8% total global Energy

Consumption

Expected to increase

even more

Direct air, water and

soil emission

Cement production: 50% of direct

CO2 emission comes from just one

stage

An unprecedented effort is needed to achieve sustainable materials 

production and use
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Charge to technical community

During the initial R&D stage



TOWARDS A SUSTAINABLE

MATERIALS ECOSYSTEM

The case of 2D materials15



So why 2D materials?

Increase in surface area/volume

Emergence of different properties
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Why 2D? 

Why do both chemists and material scientists like it??? HUGE surface area

Graphene: Its all surface

Flat, conductive, transparent, high 

surface area: Dream material for 

Sensing and energy application



The value of water

Toward a sustainable materials system, DOI: 10.1126/science.aat6821.

https://libgen.is/scimag/10.1126%2Fscience.aat6821


Market Location

Graphene dashboard

1
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China 

Accounts for 62% graphite mining activities

Key future Industry

Total number of companies: 200

› 10 separate Strategic Research Zones

› More than 67% of patents filed in the world on 2D materialsLargest Layered Crystals Producer in the world

$191.01

$189.31

$186.54

Energy Storage

25%

Functional 

Coatings

6%

Functional 

Composites

18%

Gas Sensors

2%

Graphene 

Manufacturing

31%

High Speed 

Electronics

11%

LEDs and 

Photodetectors

7%

Graphene Patents as of 2015
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616

243

50

Graphene Nanoplatelet Production Capacity (tonnes per 

year)

Asia

Americas

Europe,

Middle East,

and Africa

2015

2012

Graphene: The Interest



Graphene: The production

Image Credit: The Sixth Element (Changzhou) Materials Technology Co.,Ltd.

Founded  in 2014

Capacity: 450 tons of GNPs

Capacity: 1500 tons of Graphite Oxide



GRAPHENE OXIDE (GO) SHEETS

ADOPT A CRUMPLED CONFIGURATION

IN WATER

They impose minimal environmental risks22
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CONFORMATIONAL PHASE MAP OF

GRAPHENE OXIDE

DOI: (10.1021/accountsmr.0c00027) 



24

TO CRUMPLE, OR NOT TO CRUMPLE, 

THAT IS THE QUESTION.

GO sheets in water are fractals with dimension of 2.5

GO sheets adopt a crumpled conformation, akin to 
that of a crumpled paper ball
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CONFORMATIONAL PHASE MAP OF

GRAPHENE OXIDE

DOI: (10.1021/accountsmr.0c00027) 

Dilute Regimen ~0.01 wt% Concentrated Regimen ~0.01 wt%

Technical importance in solution processing

Environmental impact

Iranian Journal of Physics Research 20 (3), 515-524



Folds, flat Stacks, and multiple folds

26

Advanced Functional Materials, 2011. 21(15): p. 2978-2988.
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Folds, flat Stacks, and multiple folds
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ACS nano, 2013. 7(5): p. 3981-3990. 

Folds, flat Stacks, and multiple folds in 

bad solvents



Bubbling



COMPACT GLOBULAR FORM FACTOR
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Energy & Environmental Science, 5(1): p. 5236-5240.
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MISCONCEPTION

Deformed features in GO or graphene sheets are intrinsic to solution 
processing and unavoidable

RESPONSE

Need for a simple yet effective marker!!!

The marker is relatively simple:

Formation of nematic liquid crystal phase

Materials Horizons 1 (1), 87-91Advanced Functional Materials, 2011. 21(15): p. 2978-2988.

If GO sheets were to transform into a shape like
crumpled paper balls or the even denser collapsed
form, the resulting particles would not have formed a
nematic phase at all because their contour is largely
isotropic amid the complexity of the structures
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CRUMPLED PAPER BALLS: CAN THEY FORM

LIQUID CRYSTALS?

DOI: (10.1021/acsomega.7b01647) 
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UNDER POOR SOLVENT CONDITIONS

It clearly establish that GO sheets do not crumple nor collapse into 3D morphologies

with nearly isotropic contour in poor solvent conditions.



CAN ELECTROSTATIC INTERACTIONS

ALTER THE RIGIDITY OF GO?
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ASSUMPTIONS
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The behaviour of GO in water is largely
controlled by the presence of negatively
charged entities on its surface

Similar to polyelectrolytes, electrostatic
interactions tend to rigidify membranes
especially those with low intrinsic
rigidity



MAIN QUESTIONS
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How stable are these giant macromolecules 
in aqueous environment?

To what extent electrostatic contributions 
play a role on the structural stability of 
GO?



NEMATIC LYOTROPIC LIQUID CRYSTALS

(NLLC)
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NEMATIC LYOTROPIC LIQUID CRYSTALS

(NLLC)
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NEMATIC LYOTROPIC LIQUID CRYSTALS

(NLLC)
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Corresponding grey-scale optical micrographs (I) and

atomic force microscopy images (II) of as-deposited GO

sheets. GO deposited from dispersions containing no salts

(a) and added salts (b-d), exhibits a wrinkled, albeit almost

flat morphology. This is due to the very thin (thickness of

less than 1 nm) and flexible nature of GO sheets. In

addition, as the deposition of GO on the surface is driven

by attractive electrostatic forces (and possibly vdW forces),

once a part of a GO sheet is anchored to the surface, the

rest of the same flake cannot conform to a flat

configuration due to the intrinsic thermal fluctuation and

undulation.



NEMATIC LYOTROPIC LIQUID CRYSTALS

(NLLC)
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EFFECT ON MICROORGANISMS
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EFFECT ON MICROORGANISMS
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OPEN QUESTIONS

By ruling out the effect of the electrostatic force
on GO rigidity, what factors are responsible for
the rigidity of GO in water?

Do the metal cations neutralize the GO surface 
charge or they just simply react with the multi-
functional groups on the surface? 



CONCLUSION
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CONCLUSIONS

We therefore conclude that the rigidity of GO
should have minor electrostatic contributions,
although the origin of the super-flexibility of GO
sheets yet remains to be understood.

The significance of this finding is that the flat
geometry of GO sheets retains its original
configuration in a wide range of aquatic
environments.

This calls for performing proper safety checks
before the final roll-out of true 2D materials for
real-world applications.



Thanks!!!
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Bad solvents



Bad solvents



Fig. 4 Rheological behaviour of graphene oxide dispersion containing different salts. Shear viscosity of dilute graphene oxide dispersions as a function of shear rate at different salts concentrations is

depicted for graphene oxide concentrations of (a) 0.05 g/L and (b) 0.25 g/L. For other GO concentrations please see Fig. S8. The as-observed almost identical flow behaviour for all dispersions

further verifies no change in the aspect ratio of planar GO sheets validating the stable flat conformation of GO sheets in the presence of salts. This is in contrast to the flow behaviour of

polyelectrolyte solutions and charged colloidal dispersions Viscosity of the polyelectrolytes solutions normally drops upon the addition of salts due to the large contribution of electrostatic chain

rigidity of most polyelectrolytes. (c) The shear alignment of GO sheets results in negative normal stress experienced by the dispersions. This is in contrast to normal polymer liquid crystals. Due to

volume filling and packing considerations, increasing the shear rate results in a drop in viscosity and higher absolute normal stress difference. We speculate that the tendency of GO sheets to

straighten toward a hypothetically perfect order leads to a compressive force working along the streamlines, consequently resulting in a negative normal stress.

Rheological behaviour


