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What are

nanoparticles?

NanoMaterials
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Why are CNT interesting? Nano hype?

[Bezryadin et al., PRL, 1998]

Youngs modulus:1 TPa

Tensile strength: 100 GPa

Currents density 10° A/cm?
Thermal conductivity: 3500 Wm-1K-1
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CNT production volume and cost
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[M. De Volder et al., Science, 2013]
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Industrial Applications
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Industrial Applications: Pure CNT products
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Nanoscale Modification [M. De Volder, Unpublished]

Hydrothermal branching:

CVD deposition of graphene:

Solvothermal metal oxide decoration:
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Nanoscale Modification [M. De Volder, Unpublished]

Hydrothermal branching:

CVD deposition of graphene:

Solvothermal metal oxide decoration:

MANAGEMENT Atom Transfer Radical Polymerization:
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Stress engineered CNT structuring
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[M. De Volder et al., Nature Comm, 2014]




Overview top down approach

Applications:
- MEMS - Energy Storage
- Sensors - Catalysis

- Structural mechanics
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CNTs Hype Cycle

A THEHYPE CYCLE

Hype is common to new technologies. The
mar ket aralysis firm Gartner developed its
so-called hype cycle to represent how hype
and technology evolve together. C&EM has
selected a handful of events toillustrate this
cycle for nanotubes. Because nanotubes
have potential in many applications, the
events are not necessarily chronological.

PEAK OF
INFLATED

1999

Samsung
researchers

build a display
\sing carbon
nanotubes, leading

n

1991 some to speculate

Sumio lijima brings that nanotubes

nanotubes to the will bbe the next big

attention of the scientific thinginTV
t community {Appl Phys. 'ﬁ
= {Nature 1951, Left. 1995, DOI:
=I DO 101038/354056a0). 10.1063/1126253),
% Samsung’s nanotube
= display.
=

1995

Richard E. Smalley's
team at Rice University
develops a mathod

to grow high quality
single-walled tubes
(Chemn. Phys Lett. 1995,
DOk 101016/000%:
2614(S5)00825-0).

1998

Researchers create the first
nanotube transistor that works
at room temperature

(Appl Phys. Lett 1998 DOI:
10.1063/1122477).
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EXPECTATIONS

Artist’s conception
of aspace elevator.

Circa 2000
Researchers propose that
carbon nanotubes could
one day help buid an
elevator to space.

Circa 2005
Manotubes’ exciting
physical properties have
some people believing
that nanotubes are
destined to replace
silicon in alectronics.

Circa 2010

A nanotube surplus
builds as manufacturers
anticipate a demand
that hasn't yet
materialized.

TROUGH OF
DISILLUSIONMENT

2004

With the isolation and characterization
of graphene, researchers once
invested in nanotubes start
investigating new materials

(Science 2004, DO1: 101126/
science. 110 2896).
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stoked the public's curiosity, but it also
brought outconcerns. People began
questioning whatwould happen ifthese
nanoscopictubes that were supp ito
change their lives also entered their bodies,
The nanotube community wasn't fully pre-
pared for these questions.

“Multiwalled carbon nd.rmt ubees became
the prototypical ‘bad nano,' ™ says James
M. Tour, a chemist at Riceand the Smalley
Institute for Nanoscale Science & Technol-
ogy. “Bad” here means tocic,

Large, rigid multiwalled tubes canacta
lotlike asbe stos if inhaled, Tour explains.
Small, flexible single-walled tubes, howev-
er, pose minimal risk, he state. everthe-
less, everyone lumps them all together,”
Tour

“Carbon nanotubes’ isreally akind of
acatchall term for a wide variety of dif-
ferent materials, " says Philip G. Collins, a
professor of physics who studics nanotube
electronics at the University of California,
Irvine, A truly nanoscopic single-walled
tube differs greatly from a millimeter-long
multiwalled structure, yet both are consid-
ered nanotubes.

This imprecise language is especially
confounding when coupled with the vol-
ume of early publications sub-
mitted by rescarchers try-
ing to carve out a place
for themselvesin

2006

Scientists separate

step toward advanced
nanotube electronics

2013

Bayer

Material Science
shuts down

its nanotube
production
operations.

(Nat. Nanotechnol. 2006,
DOI: 101038 /nano 2006 52)

Nanotubes separated in
water:

arapidly growing field, Collins says,
“Everything under the sun was pub-
lished. Justabout anything you can imag-
ine,it"sout there: "You can make great
peanut bu(u T d.lv sandwiches out of

portantresults Lh.u: appeared to contradict
one another, Colling continues: “Nano-

tubes are toxdc, Nanotubes aren't tosic.
Nanotubes are perfect conductors, Oh, no
they're not. Nanotubes are superstrong,
except when they break
The validity of each claim—and each
can be valid—depends on the particular
nanotubes, howthey were processed, and
how they were tested. Researchers now un-
derstand this well, and they have brought
much needed clarity to the field, s Tour.
But early literature can still present
challenges for new nanotube researchers,
especially graduate students, who must
suss out which claims are legit and
under what conditions,
Collins says.

SLOPE OF
ENLIGHTENMENT

nanctubes by their electronic
properties, an important

2011

MASA launches the Juno satellite, which makes
use of protec tive nanotube composites.

MASA

An Atlas Vrocket
launches with Juno.

Phaedon Avouris also worries about
young scientists entering materials re-
search. Avouris, who was Callins's post-
doctoral adviser, performed some of the
firstexperim ents characterizing nanotubes
at IBM. “It'svery hard to tell ys
toignore the hype,”
many people that follow fashion and pat-
terns rather than their own passions.”

Today, when scientists focus onstudying
anew material, thereis arushto character-
ize it, publish papers about its propertiesin
prominent journals, and thenmove on toa
different material, Avouris says. “We're keft
with alot of unfinished work and unproven
claims,"he tells C&EN. Rescarchers develop
a fundamental unders mnding of materials
butnot how tousethem, “Few people are
willing to work on the hard problems that
willbring applications "

PLATEAU OF
PRODUCTIVITY

Carbon “caps™ hdp .
control chirality, e

2014

Two separate groups report
techniques for growing
homogeneous nanotubes.
(Nature 2014, DO 10,1038/
naturel3434 & DOI: 10,1038/
naturel3&07).

ALEXANDERARIS,
Wi MEDL COMMONE

[CEN ACS, June 2015]
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Thank you
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