Fine-tuned carbon nanotubes
scavenge for waste heat

hermoelectric materials serve key

roles in electronics, transportation,
and manufacturing. They can recover
energy from waste heat produced by
automobiles or other engines. Con-
versely, electrical energy applied to
these materials can effectively pump
heat away from sensitive electronics
to actively cool high-power computers
and communications systems. The per-
formance of a thermoelectric for either
process depends on the power factor,
which scales with electronic conductiv-
ity and an intrinsic (material-dependent)
Seebeck coefficient. Existing materials
have, to date, delivered insufficient
performance. Carbon nanotubes have
demonstrated promising thermoelectric
properties; however, their electronic
structure has remained under-optimized
for this application. The largest reported
samples constituted only tiny flakes;
such a scale is insufficient to meet the
challenges of most heat-generating
systems.

To break through these limitations,
researchers from Rice University, along
with collaborators from the Tokyo Met-
ropolitan University, developed carbon
nanotube weaves that exhibited two cru-
cial properties. First, carbon nanotubes
in these weaves were highly aligned,
pure, dense, and electronically conduc-
tive. Second, the electronic band struc-
ture of these nanotubes was fine-tuned
to maximize the Seebeck coefficient.
The research team’s effort yielded car-
bon nanotube weaves with a power
factor of 14 mW m ! K2, a record for
carbon nanotube thermoelectrics. With
a 60-nanotube thermoelectric proof-of-
concept prototype, the team, which is led
by Rice University’s Junichiro Kono,
successfully harvested 5 puW from a
60°C temperature gradient, which was
then amplified to power a green-colored
light-emitting diode. Their experimen-
tal approach and findings, and the corre-
sponding theoretical foundation behind
their work, appeared in a recent issue of
Nature Communications (https://doi.org/
10.1038/s41467-021-25208-z).

Natsumi Komatsu, a graduate stu-
dent in Kono’s group and first author
on the article, told MRS Bulletin,
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“Low-dimensional materials have exhib-
ited large thermoelectric power factors,
but such demonstrations have been lim-
ited to micrometer-scale samples. It is
exciting that we were able to preserve
giant power factor in meter-long fibers,
which are also weavable and washable.
Our fibers will make promising building
blocks for the emerging technologies of
fiber and textile electronics.”

The team turned to commercially
sourced double-walled carbon nano-
tubes to develop the nanoscale build-
ing blocks of their high-power ther-
moelectric concept. Matteo Pasquali,
a co-author of the article, and his team
dissolved the 1.8-nm-wide nanotubes
in chlorosulfonic acid, extruded the
resulting slurry, and spun it into a fiber
weave. The fibers, which were 9-pm
wide each, maintained a high electri-
cal conductivity of >10 MS/meter
and a tensile strength of 4.2 GPa. The
resulting mats exhibited high Seebeck
coefficients of >60 pV/K and thermal
conductivities that reached 580 W/m-K.

The main source of these exceptional
values stemmed from the team’s chemi-
cal pretreatment of the weaved carbon
nanotube fibers with chlorosulfonic acid
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(@) Photograph and electron microscope image of carbon nanotube (CNT) fiber. (b) Comparison of reported power factor
values for various CNT samples as a function of electrical conductivity, including from this work. Credit: Nature Communica-
tions. AD, arc discharge; LV, laser vaporization; PT, plasma torch.
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or iodine monochloride, as well as ther-
mal annealing at 350-500°C. These treat-
ments maximized hole (p-type) doping
of the nanostructures, and, subsequently,
shifted the materials’ Fermi energy levels
to approach that of one of the one-dimen-
sional van Hove singularities. At these
critical inflection points in the material’s
density of states, electron wave equa-
tions exhibit “kinks” that translate into

observable changes of optoelectronic
properties. One-dimensional materials,
such as carbon nanotubes, benefit from
quantum confinement at this critical
density of states intersection of energy
bands to exhibit the maximum Seebeck
coefficient. At the same time, the team’s
efforts to improve the sample morphol-
ogy sustained the nanotube fibers’ elec-
trical conductivities.

This careful, fine-tuned balance
enabled the resulting thermoelectric
mat to exhibit unprecedented power
factors. The coupling of this funda-
mental breakthrough with the high
scalability of this approach opens
new opportunities for waste-heat-to-
energy generators and active coolants
of supercomputers.

Boris Dyatkin

2022 MRS Spring
Meeting & Exhibit
May 8-13 | Honolulu, Hawai‘i
May 23-25 | Virtual

* MARK YOUR CALENDAR! o

Upcoming Meetings and Workshops Organized, Co-sponsored and/or Managed by the Materials Research Society® u{{{‘

ACNS |

- ‘1%

Ras

4 “\
2
bl

<Y
3

)

A 4
A4
~

4

ad
AAA‘A
4
11t American Conference on
Neutron Scattering (ACNS)*

June 5-9

Boulder, Colorado

80" Device Research
Conference (DRC)*

i

-

64" Electronic Materials
Conference (EMC)*

Implantation Technology*
September 25-29
San Diego, California

l
THAME June 26-29 v June 29-July 1
Columbus, Ohio "““" Columbus, Ohio
rd i
23" International . 27" International Conference
W WA Conference on Solid XXVII on Raman Spectroscopy*
> 55«23 state lonics (SSI-23)*
PR ) N =] RS August14-19
b July 17-22 ~ CO S Long Beach, California
.;" Boston, Massachusetts
4443
> Vv 23 International
A4
&4 Conference on lon 2022 MRS Fall

mrs.org/meetings-events

1004 W MRS BULLETIN - VOLUME 46 - NOVEMBER 2021 - mrs.org/bulletin

Meeting & Exhibit
November 27-December 2
Boston, Massachusetts

SERVICES

*Managed by: Qe@ CONFERENCE
<§ Because the Experience Matters



	Fine-tuned carbon nanotubes scavenge for waste heat



