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This review covers recently reported polymer composites that show
a thermoelectric (TE) effect and thus have potential application as
thermoelectric generators and Peltier coolers. The growing need for
CO,-minimizing energy sources and thermal management systems
makes the development of new TE materials a key challenge for
researchers across many fields, particularly in light of the scarcity or
toxicity of traditional inorganic TE materials based on Te and Pb.
Recent reports of composites with inorganic and organic additives in
conjugated and insulating polymer matrices are covered, as well as the

techniques needed to fully characterize their TE properties.

1. Introduction
1.1. Thermoelectric Materials and Devices

The management and interconversion of energy is of the
utmost importance as the world is increasingly industrialized
and the population grows. Indeed, researchers are working to
transform different sources of energy, including sunlight,
wind, and nuclear power, into usable current and store this
energy safely and efficiently.'!' As over half of the heat
generated currently dissipates unused into the atmosphere
and extensive energy input is required to cool machines and
buildings, one of the most attractive areas for energy
management centers on the utilization and manipulation of
thermal energy (i.e., heat).”!! Specifically, thermoelectric (TE)
generators harvest current from a heat source and Peltier
coolers remove heat upon application of a current. To date,
TE devices have been relegated to niche applications, such as
space and industrial power plant technologies because of their
relatively low efficiencies and high costs.”! Continued im-
provements in thermoelectric material properties and device
design will allow for efficient thermal management under
a number of different operating conditions.

The fundamental unit of a TE device is a unicouple: legs
of n-type and p-type materials connected through electrodes
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Figure 1. A) TE unicouple for Peltier cooling; B) TE module with multi-
ple unicouples connected electrically in series and thermally in parallel.

(Figure 1 A). Connecting tens to hundreds of unicouples
electrically in series and thermally in parallel forms a TE
module—a functioning device (Figure 1B).[** Exposure of
one side to a heat source or sink creates a temperature
differential across the device, which leads to a voltage differ-
ence, causing charges to move from the hot end to the cold
end of the material (i.e., the Seebeck effect). Properties of TE
materials are quantified by the unit-less Figure of Merit [ZT,
see Equation (1)], composed of electrical conductivity (o,
with charge carrier of electrons for n-type and holes for p-type
materials), Seebeck coefficient (a, positive for p-type and
negative for n-type), and thermal conductivity (x).[! The
Seebeck coefficient, also called the thermopower, is the
electrical potential difference generated per degree of
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temperature difference (AV/AT). Under most conditions, o, a,
and « are interdependent, with increased o giving decreased
a and increased ./ Thus, optimization of one factor can have
a detrimental effect on another. Values of ZT greater than
one are needed for device efficiency over 10 %.1) Moreover,
device-specific issues, such as difference in thermal expansion
coefficient of each leg and contact resistance between
materials and electrodes must be accounted for and over-
come, as recently demonstrated for TE generators in the
passenger vehicles BMW X6 and Lincoln MKT."! Methods
for addressing these issues can be found elsewhere.)

2
ZT:T%; (1)

Industrial applications for TE materials, such as heat
recovery from combustion engines and power stations, utilize
AT values (temperature difference between two sides of the
device) of 200-1000°C.F*! Alloyed inorganic metals, such as
PbSeTe/PbTe and Bi,Te;/Sb,Te;, show promise in these
applications as a result of good thermal stability at the
operating temperature, and ease of doping to tune electronic
character and obtain both n-type and p-type materials."*!!]
ZTof these materials have been improved by the introduction
of precipitates and rattlers, by processing of superlattices, and
by accessing thermodynamically stable phase separation
(during solidification, mechanochemical synthesis, hot press-
ing, spark plasma sintering, and microwave sintering).'*""!
These processing conditions create interfaces (grain and
domain boundaries) which scatter phonons, decreasing x
without expense to o, and improving Z7. As the scarcity and
toxicity of the component metals is of concern, scalability and
safety has been addressed by moving beyond Te- and Pb-
based materials to silicon and transition-metal oxides.'**!

Devices composed of inorganic materials are generally
heavy, cumbersome, and can have limited scalability because
of the price of materials or processing techniques (e.g.,
manual assembly of devices); as such, replacing some
inorganic materials with organic materials composed of
abundant atoms (C, N, S, and H) is of great interest and
facilitated by improved synthetic methodologies and process-
ing conditions."*?!! Organic polymers have good mechanical
properties and can produce low cost and lightweight portable
personal devices using scalable techniques, such as roll-to-roll
and inkjet printing.”? While most polymers are insulating,
conjugated polymers are conductive because of charge
delocalization across the polymer backbone, and show
a correlated tradeoff between ¢ and a, as with inorganic
materials, but tend to have extremely low thermal conductiv-
ities (0.1-1 Wm 'K™"), electrical mobilities across a rather
large range (107® to 10*Scm™), and absolute values of
Seebeck coefficients ranging from 10-10° uV K~'.5%! Thus, in
characterizing organic TE materials, k is at times ignored and
the power factor (PF=0d?) is reported, giving values for
organic compounds that can be misleadingly low compared to
inorganic materials. While definitive structure—property rela-
tionships have yet to be determined,” ¢ can be improved by
organization and strong intermolecular interactions between
conjugated polymer chains in the solid state (crystallization),
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which can provide boundaries that also lower k (by phonon
scattering).”™ Polymer-based TE devices will have operating
temperatures below approximately 250°C (assuming room
temperature is T,,,)?" as a result of polymer melting and
decomposition above around 300°C,*" and will find wide-
spread use in lightweight and portable devices.

1.2. Organic Polymers as Thermoelectric Materials

The TE properties of a number of conjugated polymers,
including polyacetylene (PA),” polyaniline (PANI),?**!
polypyrrole (PPy),*!! polycarbazoles,*>*! polythiophenes,*"
and poly(phenylene vinylenes) (PPV),** have been evaluated
(Table 1). To date, most work has focused on poly(3,4-
ethylenedioxythiophene) (PEDOT),*** though coordina-
tion polymers have shown some of the highest PFs.*!! One
route to improve electrical conductivity in conjugated poly-
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Table 1: Highest power factors reported for doped conjugated polymers.

E. Pentzer et al.

Material Structure Dopant o a PF Ref.
[Sem™ [wV K™ [Wm™'K7
PA o~ I, 44250 14 2.7x107 28]
H
PANI N3 CsA- 160 5 4x107 [30]
PPy PFs” 340 10.5 2x107° 3]
Polycarbazole derivatives FeCl, 160 34 1.9x107° [33]
PPV derivatives I 349 47 7.8x107° [35]
%giz%
\
PEDOT:PSS d n DMSO/EG 890 74 4.7x10™ [36]
p—

Abbreviations: PA=polyacetylene, PANI=polyaniline, PPy = polypyrrole, PPV = poly(phenylene vinylene), PEDOT = poly(3,4-ethylenedioxythio-
phene), PSS = polystyrene sulfonate, CSA=camphor sulfonate, DMSO = dimethyl sulfoxide, EG = ethylene glycol.

mers is electrochemical or chemical doping to introduce extra
charge carriers, such as polarons and dipolarons, and favor
charge transfer along the polymer chains over hopping.
Unfortunately, doping can also cause the Fermi level to move
closer in energy to the conduction band, decreasing a.
Moreover, a material can be n-type or p-type, depending on
the identity of the dopant, and readers are directed to recent
reviews that outline optimized TE properties of conjugated
polymers.” The highest PFs for doped conjugated polymers
are generally determined empirically,” and are shown in
Table 1. Several recent reviews address polymer-based TE
materials and their optimization, focusing on: fundamental
physics such as carrier mobilities and interdependency of TE
parameters and electronic aspects of the systems,*! organic
TE materials,?! preparative aspects of composites,” and
a survey of organic TE materials.’"

This review focuses on recent reports of polymer compo-
sites for TE applications and the methods for their character-
ization as a route to identify and optimize promising
materials. We briefly discuss polymer blends, then address
conductive polymer matrices with inorganic TE materials,
such as metal chalcogenides, noble metals, and carbon
nanostructures. Insulating commodity polymer matrices for
nanoparticles are then highlighted. Finally, methods to
characterize o, k, and a are discussed, including special
considerations for organic polymer composites. We conclude
with a perspective and outlook for the future of organic
composites as TE materials, highlighted by major challenges
to overcome.
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2. Thermoelectric Properties of Polymer Blends and
Composites

One of the simplest and most cost-effective methods for
modifying polymer properties is blending with small mole-
cule, polymer, or nanoparticle additives. Many small mole-
cules and simple inorganic salts are soluble in polymer
matrices™* and have been widely studied in electronic
applications, including organic solar cells and field-effect
transistors.“>*! Composites are prepared by monomer poly-
merization in the presence of nanoparticles, in situ reduction
of inorganic salts to form (nano)particles in the presence of
a polymer, or solution blending of polymers and nano-
particles. Generally, homogeneous and uniform dispersion of
nanoparticles in the polymer matrix give optimized proper-
ties,*! and ligand exchange or covalent modification of
nanoparticles can be used to ensure that the two components
are miscible and optimize polymer—particle interactions."!
Moreover, the polymer/nanoparticle or crystalline/amor-
phous polymer interfaces create boundaries that scatter
phonons, thus ensuring low thermal conductivity.**="

For TE applications, polymers can be insulating (poly-
styrene, PS) or conductive (polyaniline, PANI), and the
nanoparticulate additives can be inorganic (e.g., Bi,Te;) or
organic (e.g., Cq fullerene), with the only stipulation being
that the conductive domains connect through the active area
of the material.’?! Particles of a variety of sizes and aspect
ratios can be used, including spheres, rods, and platelets, and
the particle surface can facilitate polymer organization
(crystallization) to improve o. When both components have
TE properties and are p-type or n-type, they work synergisti-
cally to improve ZT or, if of opposing carrier type, the blend
can be p- or n-type depending on the relative ratio of the
materials. Furthermore, the Fermi levels of two conductive
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materials must be matched to minimize the energy barrier for
charge carriers traveling between the two phases. As such,
appropriate selection of materials, size, and shape of the
particles, and polymer/particle interactions can be used to
optimize Z7. A list of common p-type and n-type materials
used in polymer composites is provided in Table 2; the TE
properties of composites discussed herein are summarized in
Table 3.

2.1. Polymer Blended with Polymers and Small Molecules

ZT of conjugated polymers have been optimized using
polymer—polymer blends, with extensive success of a physical
blend of poly(3,4-ethylenedioxythiophene) and poly(styrene
sulfonate) (Table 1, PEDOT:PSS). Aqueous PEDOT:PSS
suspensions are commercially available in various grades, and
have found widespread use in photovoltaic and light-emitting-
diode applications.”® In the highly conductive form, PEDOT
is oxidized (i.e., doped) and PSS provides charge balance.
Solvents/additives with high boiling points have been used to
selectively remove excess PSS and crystallize PEDOT, with
work by Pipe and co-workers demonstrating the highest ZT

Table 3: Optimized thermoelectric performance for polymer composites.
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Table 2: Semiconductor materials commonly used for TE applications
and their carrier types.

P-Type N-Type

doped PEDOT PEDOT

Bi,Te;" Bi,Te;®

MoS, (bulk) MoS, (single sheet)
polypyrrole (PPy) perylene
graphene® graphenel®
graphene Oxide tellurium
polythiophene Ceo

polyaniline (PANI) SWCNT and MWCNT

[a] Bi,Te; carrier type determined by the precise stoichiometry of atoms.
[b] Graphene carrier type is dependent on the method of preparation and
doping.

(0.42) for a p-type organic system by adding 5 vol % DMSO to
the PEDOT:PSS solution, thermally annealing the film, and
immersing it in ethylene glycol (EG).”®! Heeger and co-
workers blended a conductive polymer, PANI, with insulating
PS or poly(methylmethacrylate)®*>! to give PANT nanowires
percolating the insulating matrix, even at low loading
(<1vol% PANI). Unfortunately, both a (~8.0 uWK™' at

Matrix Filler Filler form Loading o K a PF ZT Ref.
[wt %] [Sem™  [Wm'K']  [uVKT'  [WmTK?

Conductive polymers with polymer and small-molecule additives

PS PANI-HCI blend 0.2 0.046 - 8 6.4x10°° - [54]

PMMA PANI-CSA blend 0.091 10° - 8 - - [55]

P3HT/P3HTT F,TCNQ blend 1.2 2x107* - 450 1.2x107° 1.4x107° [56]

P(NDIOD)-T2 dihydrobenz- blend 9 0.004 - -850 - - [58]
imidazoles

Conductive polymer matrices with particle additives

PEDOT:PSS PbTe spherical 30 0.003 - 2500 1.45%x107° - [59]

PEDOT:PSS Te nanowire - 19 0.22 163 7x107° 0.1 [61]

PANI-HCI Bi,Te, nanowire 30 11.6 0.11 40 2.0x107* 0.004 [63]

PEDOT:PSS BiysSby s Tes platelet 4.1 1295 - 16 3.2x10°° - [64]

PANI-HCI MoS, platelet 85 0.8 - 8 - - [70]

PPy MoS, platelet 85 0.8 - 82 - - [77]

P30T Ag spherical 6 - - 1283 - - [74]

PEDOT:PSS Au spherical 0.01 241 - 27 1.8x107° 0.016 [75]

PEDOT:PSS SWCNT nanotube 35 400 - 23 2.4x107° 0.02 [79]

PEDOT:PSS SWCNT nanotube 85 4000 - 16 1.02x107* 0.03 [80]

PANI-MeSO;H SWCNT nanotube 6.6 530 - 33 0.6x107° - [49]

PANI-HCI MWCNT nanotube 1 14 0.27 80 - 0.01 [82]

PANI-HCI graphene platelet 50 123 - 34 1.4x107° - [83]

PANI-HCI graphene oxide  platelet 10 7.5 0.41 28 6.01x1077 4.86x10™"  [85]

Insulating polymer matrices with particle additives

PEO MoS, platelet 72 [mol %] 0.1 - 1.5 - - [72]

PVOACc SWCNT nanotube 20 48 0.34 40 . 0.006 [84]

PVOAc/meso-tetra- MWCNT nanotube 12 71.1 - 78 10°¢ - [88]

(4-carboxyphenyl)-

porphine)

PVOAC/sodium MWCNT nanotube 12 1.28 - Al 10°¢ - [88]

deoxycholate

PEl/sodium dodecyl =~ CNT nanotube 20 8.4 - 100 8.4x107°¢ - [89]

benzenesulfonate

PVDF few-layer platelet 80 170 - 17 5.2x1077 - [97]
graphene
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300 K) and o (=~ 107%) were relatively low, giving PF of 6.4 x
10°Wm'K™2

Katz and co-workers doped blends of P3HT and poly(3-
hexylthiothiophene) (P3HTT) with the small molecule tetra-
fluorotetracyanoquinodimethane (F,TCNQ, 1.2 wt%)."
P3HTT pinned the LUMO while the low-lying HOMO of
F,TCNQ (—8.34 ¢V) dispersed the Fermi level, in line with
previous theoretical reports for enhancing a.”! Although PF
and o remained low (~10°Wm"'K™2 and 10™*Scm™,
respectively), a improved compared to P3HT (450 vs.
10 uVK™), suggesting that ¢ and a can be decoupled, and
improvement in one is not at expense of the other. Most
notable among blends of polymers and small molecules,
Chabinyc and co-workers investigated the n-type polymer
poly{N,N'-bis(2-octyl-dodecyl)-1,4,5,8-napthalenedicarboxi-
mide-2,6-diyl]-alt-5,5"-(2,2"-bithiophene)}  (P(NDIOD-T2))
doped with dihydrobenzimidazole derivatives (9 wt% each,
Figure 2 A-C); phase separation of the polymer and small
molecule was observed by AFM, and small islands formed on
the film surface (white areas in Figure 2E and 2F)."®! These
composites showed high n-type Seebeck coefficients (—850 =
90 uVK™), but relatively low o (0.004-0.008 Scm™"). While
these results are promising, most organic composites for TE
applications are composed of polymer/nanoparticle blends,
and will be the focus of the remainder of this Section.

C)

{9
CE(QO

Figure 2. Structure of A) P(NDIOD-T2) polymer; B) dopant N-DMBI;
C) dopant N-DPBI; atomic force micrographs of D) neat P(NDIOD-
T2); E) P(NDIOD-T2) doped at 9 mol % with N-DMBI; F) and P-
(NDIOD-T2) doped at 9 mol % with N-DPBI. Aggregates form on the
top surface of the doped films. The images are 500 nm (vertical) by
1 um (horizontal). Adapted from Ref. [58].

2.2. Polymer Composites with Semiconductor Nanomaterials

Some of the most promising polymer composites for TE
applications incorporate inorganic particles that also show
favorable bulk TE properties, specifically tellurium (Te),
bismuth telluride (Bi,Te;), and lead telluride (PbTe). DMSO-
treated composite films of PEDOT:PSS and spherical PbTe

www.angewandte.org
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nanoparticles gave crystalline PEDOT nanowires decorated
with nanoparticles.’”) At moderate PbTe loadings (21—
43 wt %), a percolated nanoparticle network was not formed,
yet a exceeded that of bulk Bi,Te; (/2500 vs. 220 pV K1)
and o improved, resulting in an optimized PF of
1.45 uW m ' K2 at 30 wt % PbTe. Of note, PEDOT and PbTe
have opposing charge carriers, and better matching of
materials properties could further improve TE properties.

In another study, sodium tellurite was reduced in the
presence of PEDOT:PSS or PEDOT:Tos (Tos = tosylate) to
form TE nanowires ( 4 by 84 nm) fully wetted with and well
dispersed in the polymer matrix.®] At the interface with Te
NWs, PEDOT was highly ordered, and o increased compared
to bulk PEDOT:PSS, while x remained low to give ZT values
as high as 0.1, representing a distinct departure (improve-
ment) from the simple mean-field model.[” Similarly, electro-
polymerization of aniline in a suspension of Bi,Te; NWs
(/40 x 900 nm) gave ordered chains of PANT on the NWs.[*’]
A redshift in polaron absorption was observed, as well as
doubling of o and ZT relative to pristine polymer (11.6 Scm™
and 0.004, and 7.8 Scm™! and 0.002, respectively). Lin and co-
workers showed Bi,sSb, sTe; platelets (300-500 nm in diam-
eter and 20 nm tall) prepared in the presence of PEDOT:PSS
gave better particle dispersion, higher PF, and improved
a over solution-blended composites at comparable particle
loadings (4.1 wt%),1* though measurements of the Hall
effect showed poor interfacial charge-carrier transfer, which
limited the performance. Perhaps surprisingly, a bilayer of
Bi,Te; particles (irregularly shaped, ~0.5-3 ym) and PE-
DOT:PSS showed higher a and PF than any of these well-
dispersed blends, though the reasons for this behavior are
unclear.[®!

The relatively recent development of safe liquid-phase
exfoliation of two-dimensional inorganic materials® has led
to a surge of interest in chalcogenides composed of S or Se
and transition metals. Of specific interest are molybdenum
disulfide (MoS,) nanosheets because of their inherent photo-
thermoelectric effect.[”-! PEDOT/MoS, nanocomposites
were prepared, but the TE properties of this system were
not explored;® however, Kanatzidis and co-workers pre-
pared polymer-intercalated MoS, composites”’! with alter-
nating platelet and polymer layers, as shown by powder X-ray
diffraction. Composites were prepared by in situ polymeri-
zation of aniline or pyrrole to give low-MW polymer
(polymer growth is stunted by platelets), or by blending
insulating polyethylene and poly(ethylene oxide) (PE and
PEO) with MoS,.">™ All of these composites showed large
0 (~0.1-0.8 Scm™) at room temperature, but relatively small
a (1.5-8 uWK™), indicating that the platelets, and not the
polymer, dominate charge transport. No systematic inves-
tigations to tune polymer—MoS, interactions for improved TE
performance have been conducted, and recent single-platelet
studies suggest that further attention in this area will be
helpful.[*”6¢!

Angew. Chem. Int. Ed. 2015, 54, 1710—1723
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2.3. Polymer Composites with Noble-Metal (Au, Ag)
Nanomaterials

In order to utilize nontoxic materials for TE applications,
polymer composites with noble-metal nanoparticles have
been investigated, though the performance has yet to rival
that of other composites. Ag nanoparticles prepared by
reduction of AgClO, in the presence of poly(3-octylthio-
phene) (P3OT) gave composites with large a (up to
1283 uVK™) and increased o over P3OT (at Swt% Ag)."!
Wide-angle X-ray scattering (WAXS) showed better P30T
organization at the particle interface below the percolation
threshold (=~ 3 wt %), indicating interrupted polymer crystal-
lization at higher loadings (Figure 3). Composites of PE-
DOT:PSS/AuNPs were prepared by in situ polymerization

5wit% Ag
3 Wit% Ag
1 wit% Ag
0.5 wi% Ag
0.1 wi% Ag

Neat P30T

20 [degrees] d [nm] d [nm]

Figure 3. A) Full WAXS patterns of P3OT/Ag nanoparticle composites
at different loadings of Ag (0, 0.1, 0.5, 1, 3, and 5 wt %); B,C) Details
of WAXS of these composites plotted against calculated d-spacing.
Center-of-gravity peak positions are marked for the highest silver
concentration (top), as well as for the undoped polymer (bottom).
Adapted from Ref. [74].

and showed small increases in PF and o, and around 60 %
increase in ZT at extremely low AuNP loadings
(1073 wt %).”! AuNPs with dodecanthiol ligands gave better
properties than terthiophenethiol or poly(N-vinylpyrroli-
done) ligands™—a surprising observation, given that the
insulating and hydrophobic nature of the alkyl ligands should
decrease miscibility with the water-soluble PEDOT:PSS. As
such, further work to understand how ligand identity influ-
ences polymer/particle interactions and the relationship
between «, o, and « is needed.

2.4. Polymer Composites with Carbon Nanomaterials

Opver the past three decades, carbon nanomaterials and
their polymer composites have received a great deal of
attention for their outstanding thermal and electrical con-
ductivity, mechanical strength, and low density." Conjugated
networks of sp’-hybridized carbon atoms can be found as
spherical (fullerenes), tubular (carbon nanotubes (CNTs)),
and planar (graphene) geometries, exhibiting semiconducting
or metallic characteristics depending on the precise C—C

Angew. Chem. Int. Ed. 2015, 54, 17710—1723
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connectivity.””? Modification of carbon nanomaterials with
surfactants, polymers, or small molecules can overcome
strong van der Waals interactions, prevent aggregation, and
give dispersability in polymer matrices. For TE applications,
polymer composites with CNTs have garnered the most
attention, though the high cost and relatively restricted
scalability of pristine CNTs can be limiting. Researchers
must also overcome the high thermal conductivity and
ambipolar transport of these materials (when metallic), which
may place upper limits on their TE performance.

2.4.1. Conductive Polymer—CNT Composites

The overwhelming majority of carbon nanoparticle com-
posites for TE applications utilize single- or multi-walled
CNTs (SWCNTs or MWCNTs, respectively), which are
generally semiconducting and p-type, though n-type and p-
type SWCNTs have been used to prepare a functioning
device.™ Composites formed from Pickering emulsions of
SWCNT-stabilized PEDOT:PSS showed improved TE prop-
erties relative to neat polymer, likely because of matrix-CNT
electronic junctions. The method of film formation greatly
influenced composite properties: monolithic samples pre-
pared by drying at room temperature in a vacuum desiccator
for 24 hours produced ZT less than half of that from samples
heated to 80°C for six hours, then dried in a vacuum
desiccator for 24 hours (0.004 and 0.02, respectively).
Another study on similar composites showed little variance
in PF based on SWCNT loading (0-85 wt % ),[®! with gains in
o largely offset by decreased o (Figure 4). Thermal treatment,
such as annealing, is one technique that could further improve
performance by enhancing polymer crystallization and net-
work formation.®®]

PANI-methanesulfonic acid and SWCNT or MWCNT
composites showed strong polymer-filler interactions, with

— 60
O Electrical Conductivity
OThermopower

[ @1 50

%‘300.000 + 41 40

1 30
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250,000 |

2 200,000 m ¢ C{)
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Figure 4. A) Electrical conductivity (left axis) and Seebeck coefficient
(right axis) and B) power factor as a function of SWCNT loading for
PEDOT:PSS composites. Adapted from Ref. [80].
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PANI wrapped around the CNTs to give a continuous
network of fibers. At 6.6 wt% SWCNT, a was 33 uVK™!
and attempts to improve polymer/particle interactions by
CNT oxidation decreased a to 12 pVK™'*! Wang and co-
workers used hydrochloric acid (HCI) in place of methane-
sulfonic acid to prepare PANI-HCI/MWCNT composites, and
found that low loadings of CNT (<1 wt%) gave optimized
a (80 pVK™) and ZT (0.01).5% As such, the identity of the
dopant/counterion for PANI and the nanofiller affects the TE
properties of composites, and optimized particle loading.

2.4.2. Conductive Polymer—Graphene Nanocomposites

Graphene, the one carbon atom thick planar sheet relative
of the scrolled CNT, has received less attention as an additive
to polymers for TE applications. Grinding and cold compres-
sion molding of PANI-HCI with graphene grown by chemical
vapor deposition gave composites with a of 34 uVK~! and PF
of 1.4x10° Wm 'K 2 at 50 wt % loading.® Similar values
were obtained for poly(vinyl acetate) (PVOACc)/SWCNT
composites (Figure 5), with TE properties optimized only
when the carbon nanomaterials cluster/percolate the PANI
matrix, indicating that particles, and not the polymer,
dominates charge transport.
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Figure 5. Electrical conductivity (left axis) and Seebeck coefficient

(right axis) as a function of SWCNT loading in poly(vinyl acetate)

(PVOAC). The inset shows a percolation threshold of about 5 wt %
SWCNT. Adapted from Ref. [84].

To overcome aggregation of platelets as a result of van der
Waals interactions, researchers chemically oxidize graphite to
access graphene oxide (GO), crumpled (i.e., dispersible)
sheets containing sp>- and sp>-hybridized carbon atoms and
oxygen functionalities (epoxides and alcohols) throughout.
While GO has much lower conductivity than graphene, it can
be functionalized and dispersed in many polymers and
chemically or thermally reduced to regain conductivity.
Polymerization of aniline in the presence of GO resulted in
PANI/GO composites with strong polymer/platelet interac-
tions and ordering of the polymer at the interface, as
determined by XPS and FTIR.®! The composite showed
o of 7.5 Sem™, but ZT of only 4.86 x 107,
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2.5. Insulating Polymer-Nanoparticle Composites

In addition to the conjugated polymers that themselves
behave as TE materials, insulating polymers can serve as
a flexible and robust matrix for nanoparticles with TE
properties. In contrast to rod-like conjugated polymers, coil-
like insulating polymers with saturated backbones (i.e., not
electronically active) can be processed using well-known
techniques including electrospinning and extrusion. Further-
more, polyethylene, polypropylene, Nafion, and poly(vinyli-
dene fluoride) (PVDF) can be readily prepared on a large
scale using known chemistries, and can offer additional
properties, such as stimuli-responsiveness.***” Ideally, blend-
ing such polymers with TE nanoparticles would produce
composites with the low thermal conductivity of the matrix,
and o and o dictated by the nanoparticulate additive. Thus,
the composite will have TE properties when particles form
a network, though the influence of wt% loading must be
determined empirically.

In addition to MoS, single platelets incorporated in
insulating PE and PEO,™7 SWCNTs and MWCNTs have
been incorporated into insulating polymers as TE materials.
Grunlan and co-workers prepared composites from SWCNT-
stabilized Pickering emulsions of PVOAc/gum arabic in
water, giving o up to 48Scm™!, polymerlike low &«
(034 Wm'K™"), o increased with increased CNT loading,
and an optimized ZT of around 0.006.5Y As the matrix and
SWCNTs began to segregate at about 10 wt %, o improved
slowly, while the Seebeck coefficient remained largely
unchanged over all loadings tested (~40 uVK™!, Figure 5).
In other work, MWCNT/PVOACc composites were prepared
using the molecules meso-tetra(4-carboxyphenyl)porphine (a
semiconductor) and sodium deoxycholate (an insulator) as
emulsion stabilizers for the MWCNTSs, but no significant
property enhancement was observed.®! Polyethyleneimine
(PEI) and CNTs blended in the presence of the emulsifier
sodium dodecylbenzenesulfonate (SDBS) gave composites
with a of 100 uVK™! and o of 8.4 Scm™.¥ In this system of
40 wt% PEI, 20 wt% CNT, and 40 wt % SDBS, the CNTs
provide a network for conducting charges and the insulating
PEI matrix disrupts the thermal contact between the CNTs.
Alternating layers of n-type and p-type MWCNTs and PVDF
were prepared by melt blending and pressing to give fabric-
like devices, which generated a potential of 28 mV with a 50 K
temperature gradient at extremely high MWCNT loadings
(95 Wt %); values for g, a, and x were not given.” Solution-
blended and drop-cast films of PVDF with up to 90 wt % few-
layer graphene (FLG) platelets showed an optimized Seebeck
coefficient and power factor of 17 uVK™ and 5.2x
10”7 W m 'K, respectively, though FLG began to segregate
to the film surface above 40 wt % loading."

3. Characterization of TE Properties

As discussed in the introduction, the usefulness of TE
materials is determined by the Figure of merit (Z7),
composed of o, @, and «k [see Equation (1)]. The increasing

demand from the commercial community for better stand-
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ardization of characterization has driven round-robin meas-
urements and standards development.®>% We now turn our
focus to the practical aspects of measuring the values relative
to TE performance and sources of error in these measure-
ments. Figure 6 shows an example of measured properties and
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Figure 6. Measured o, a, and k, and calculated Figure of Merit as

a function of temperature for a high-temperature thermoelectric (70/30
at% Si/Ge with 2 vol % WSi, and 2 at% P). Error bars are calculated
based on a range of sources as discussed in this report and related
references. Asymmetry in error bars of the Seebeck coefficient data at
high temperatures is due to the cold-finger effect.

calculated ZT as a function of temperature with calculated
error bars propagated from a variety of sources as will be
introduced in this section. In addition to the characterization
techniques discussed here, Hall measurements can be used to
determine charge-carrier density and mobility.”” Polymer
composites for TE applications are still nascent compared to
their inorganic counterparts, and their usefulness will ulti-
mately be found in incorporation into devices, which requires
matching p-type and n-type materials as well as taking into
account thermal expansion coefficients and contact resistance
with electrodes.”>%!

3.1. Seebeck Coefficient

Accurate measurement of the Seebeck coefficient (a, AV/
AT) is especially crucial to identifying good TE materials, as
ZT is directly related to its square [Equation (1)]. Unfortu-
nately, no standard exists for calibration of instrumentation
for measuring a, especially for high-temperature materials.
The most common technique for determining « utilizes a four-
point-probe set-up and will be the focus here, though
measurements under an AC field or external pressure have
been used,””**! as well as the use of open-circuit voltage and
short-circuit current.” Despite advantages of some of these
techniques (e.g., elimination of the Peltier contribution in AC
measurement set up) they generally require extensive sample
preparation and are not conducive to polymer films. For low-
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temperature materials constantan, a Cu/Ni alloy with thermo-
power on par with polymer-based TE composites (—35 pV/
°C), can be used for calibration. Four-point-probe techniques
can measure both a and o, and thus can be used to determine
the PF (a’0) of a material. Figure 7 A shows the design of the

Outer electrode B)

Laser beam

Inner probes Sample carousel

Standard for C,
measurements

Probe to
probe distance:

Inner probes

Outer electrode
with a heater

Detector Pt coating
Graphite
coating

Figure 7. A) Schematic of four-point-probe geometry for measurement
of Seebeck coefficient and electrical conductivity. The outer electrodes
are conventional electrodes and measure AV, while the inner electro-
des are thermocouples and can measure both AV and AT. B) Laser
flash system showing irradiation of top of sample to measure thermal
conductivity.

four-point-probe technique: regular electrodes are used as the
outer contacts and provide Ohmic contacts, while the inner
electrodes are thermocouples that measure both AV and AT.
Notably, as the inner electrodes are TE materials themselves,
their contribution to the measurements must be subtracted,
taken as a wire Seebeck coefficient as described in Equa-
tion (2):

A4V inzyi Nzxi)}i
a — =+ a; / —
AT wue( ) (Z ,')2 NZ ’2

+ tire(T) )
where the probe-to-probe temperature difference and voltage
difference along the same wires are x; and y;, respectively. N is
the sampling size and a.,. is the temperature-dependent
Seebeck coefficient of the wires used to measure AV.

Seebeck coefficients are measured as a function of the
temperature, and the experimental set up utilizes two heaters:
one provides a constant temperature for the whole assembly
and the measured o and a are a function of this temperature,
and the second heater creates AT across the material. The
temperature distribution in a furnace can also be used to
create AT across a material, but presents serious limitations
and difficulties in characterization, and is limited at temper-
atures of interest for organic TE materials (<300°C),
requiring a length of the sample greater than may be practical.
As such, a small heater is generally placed at one of the outer
electrodes, in contact with the material, to produce AT across
the length of the thermoelectric leg (i.e., the material).

By varying the temperature at one end of the thermo-
electric leg using the secondary heater, AV and AT are
measured using the inner probes. A quasi-steady-state
measurement is realized either by measuring at discreet AT
values or measuring as the internal heater is powered up and
down continuously.®!®! Thus, the AV—AT slope can be used
to calculate a. Offsets between the negative and positive
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probe wires can be hard to control because of the presence of
spurious voltages at AT=0, which may be inherent to the
electronics and/or the variation of the temperature of the
probes at the cold side, among other factors.'"!! Quasi-steady-
state conditions are favorable, as factors creating the offset
can be ignored and a larger set of data points can be collected,
decreasing statistical uncertainty of the measurement.'"”
Determination of a requires measurement of the temperature
from hot probe, temperature from cold probe, voltage drop
measured with p-wires of the inner thermocouple probes,
voltage drop measured with n-wires of the inner thermocou-
ple probes, and the measurement of the cold end of the
probes. Heating rates can significantly affect the accuracy of
measurements because of staggered acquisition,'” and the
heating rate that creates AT should be kept low, around 1°C
per minute.

In performing four-point-probe measurements, the phase
and morphology of the material is assumed to not change
during temperature cycling, as this could introduce errors.
Other sources of errors associated with the measurement of
a are: 1) cold-finger effect, 2) wire Seebeck variation 3) pre-
cision of multimeters used for measurements, and 4) the
statistical variation in calculation of Seebeck coefficients.'™!
While some of these errors can be reduced by modifying the
instrumentation (i.e., multimeters used), the impact of others
can be reduced by modifying the measurement profile, for
example, collecting a larger data set in quasi-steady-state
profiles (see above). Certain errors can be measured and used
as quality control of the instrumentation. Observed difference
in a calculated using negative and positive wires of the
thermocouple probes and comparison to a standard can
determine the contamination of the probes, indicating the
need to replace them. These measurements are relevant,
provided the time between using the n- and p-wires is small.

Another source of error in determining « is the thermal
boundary between the probe and the sample; a high-quality
contact is necessary for accurate measurements. In the four-
point-probe set-up, the inner probes are spring-loaded to
provide good thermal contacts. Thus the sample and the
thermocouple beads of the inner electrodes must be mechan-
ically robust enough to handle the compressive forces and can
be a few millimeters in size. The resulting temperature
gradient between the surface of the material to be measured
and the probe creates an error called the “cold-finger effect.”
This is a function of temperature, as the heat flow out of the
sample increases with increasing temperature.® 1% The
cold-finger effect is larger on the probe closer to the heat
source and creates an asymmetry in uncertainty, overestimat-
ing a." In general, the operating temperature of organic
thermoelectrics (< 300°C)" makes these factors negligible,
but they must be taken into account in the characterization of
higher-temperature organic TE materials.'"!]

3.2. Electrical Conductivity
Electrical conductivity (o) can be determined using the
same four-point-probe set-up discussed above. In this case,

current is applied through the outer electrodes, and the
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voltage drop between the inner probes is measured, thereby
eliminating problems associated with contact resistance on
the outer electrodes. The measured resistance and geometric
factors are used to calculate resistivity, so long as the material
follows Ohms law. To prevent errors, the material of interest
must be Ohmic over the experimental conditions.

The resistance of the material is calculated from the slope
of V-I plots, and any deviation from the linearity can result in
an error. Increasing the sampling size and measurement range
can decrease the statistical error associated with the mea-
surement of the slope, even for Ohmic materials. Measuring
the voltage drop using both the n- and p-wires of the
thermocouple is advised, and consistent results should be
obtained for the two. Any difference can lead to errors in
voltage measurement and indicate artifacts, such as deterio-
ration of the thermocouple probes themselves. As inherent to
TE materials, application of a current results in the Peltier
effect, creating a temperature difference across the material,
and can contribute to the overall heating of the sample
through Joule heating. Errors originating from such factors
can be decreased by applying current as pulses with milli-
second pulse width and in a bipolar fashion. As in the
measurement of a, errors in determining o can be derived
from the natural temperature profile in the furnace, and
sufficient shielding around the measurement configuration is
needed to keep AT minimized (< 1°C), if not completely
eliminated, during the measurement.

3.3. Thermal Conductivity

Although PF is determined by only o and a, accurate
determination of ZT necessitates measuring the thermal
conductivity (k). Because of the low thermal conductivity
inherent to organic polymers, many researchers do not report
a value, but a thorough evaluation of materials will include
this measurement. Thermal conductivity is generally calcu-
lated by techniques that measure thermal diffusivity using
Equation (3), and will be the focus here:

k=aC,p 3)

where k, a, C, and p are the heat conductivity, heat diffusivity,
specific heat capacity, and density, respectively. As such,
errors that originate from heat capacity and density measure-
ments also contribute to the total error in thermal conduc-
tivity. Heat capacity can be measured in a laser flash system as
well as externally in a differential scanning calorimeter
(DSC)."197 The standard used in either technique needs
to have heat capacity close to the expected value of the
material under test to minimize errors.

Before discussing the details of the thermal diffusivity
measurements, it is important to note that shape and size of
the sample are very different for this technique compared to
those used for the four-point-probe technique to measure
a and o; disc-shaped samples are used to determine x, while
dog-bone-shaped or rectangular samples are used to measure
a and o. Therefore, extra attention must be paid to sample
preparation when working with materials that show aniso-
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tropy originating from crystallographic or microstructure
orientation, as this can influence the measured values. Non-
uniform distribution of additives within samples or processing
conditions can also produce anisotropy, and can derive from
shear direction in tape casting (blade coating), piston
direction in spark plasma sintering, or solidification direction
in directionally solidified samples. Thus, to accurately define
ZT of a material, which is relevant to device construction, all
measurements should have the same directional relationship
to the processing parameters and sample anisotropy. There-
fore, attempts to measure properties on similarly shaped
samples, specifically the measurement of a on disc-shaped
materials are ongoing."® When reporting values of a, o, and
K, researchers should note geometric anisotropy of the sample
or demonstrate that no significant variation in the measure-
ments is observed.

Thermal-conductivity measurements at low temperatures
(i.e., below room temperature) do not suffer from errors
associated with heat losses.'” Hence, axial heat flow
measurements provide accurate results and have the advant-
age of using bar/cylinder-shaped samples, similar to the shape
used for measuring a and ¢.'"Y However, as the interest in
higher-temperature organic materials increases, heat losses
during the characterization of k become relevant and similar
to those observed in inorganic materials. Non-steady-state
measurements, such as laser flash technique,!'!! have advan-
tages in dealing with thermal losses as a result of conduction,
convection, and radiation. Most commercial systems for the
measurement of thermal diffusivity solve the heat-flow
equation with different thermal-boundary conditions and
losses to explain deviations in the shape of the temperature—
time curve, giving solutions applicable to the measured data.
While it is generally advisable to keep the losses as small as
possible, laser flash techniques can perform measurements
even when losses are high, and currently available high-
acquisition systems allow the accurate calculation of loss-
eS.[112,113]

Temperature-time curves are measured at the back
surface of disc-shaped materials after initial irradiation of
the front surface of the material. Thermal losses can be
minimized by providing minimal contact to the sample using
a ledge and use of a thin sample (<3 mm), as the latter
decreases the measurement time and thus the thermal loss
during measurement. Generally, the material to be measured
is coated with two layers: one on the front (top) face to
completely absorb the energy of the pulse, especially impor-
tant for materials that are transparent/translucent to the
wavelength of irradiation, and the second layer is a carbon-
coat to provide uniform emissivity (Figure 7B). The absorp-
tion layer is critical for all measurement temperatures, as it
provides uniform heating on the front surface, and is
especially critical for high-temperature measurements, in
which radiation losses are a factor. Additional sources of error
originate from the measurement of the thickness and the
thermal expansion of the material under testing.'!¥

Angew. Chem. Int. Ed. 2015, 54, 1710—1723

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Angewandte
itermationalediion. CHEIMIIE

3.4. Measuring Thermoelectric Properties of Films

The techniques discussed above are widely applicable to
and optimized for bulk materials and thus have limited use in
the characterization of samples of small sizes and thin films;
however, they serve as a starting point. Generally, samples of
polymer composites can be prepared as films by blade coating
or as bulk samples by techniques such as hot pressing.
Methods for characterizing the TE properties of films with
small areas (~5.0x0.104 mm, 0.1 mm?)!'*"51 and small
samples (nanowires with an average diameter of 100 nm,
needle-shaped samples with dimensions of approximately
0.1 x0.05 x2-3 mm)"™ ™1 can be found in the literature.
However, some of these techniques require complicated and
labor-intensive sample preparation, such as on-chip heat-
ers.'"” In measurements of  and o, thin films can be clamped
vertically where AT is developed along the length of the
substrate and film, with the surface of the film facing the inner
probes. The film should be of uniform thickness and width so
that an accurate cross-sectional area can be calculated.
Furthermore, the selected substrate should have low ¢ to
ensure that current passes through the film, and low x to
prevent a thermal short. While the inner probes are in direct
contact with the film, the contact of the outer electrodes to the
film can be improved by applying silver electrodes on the two
ends of the substrate; these added contacts may change the
effective length of the sample being tested, but have no
bearing on the measured values, as only the distance between
the inner probes is important. Notably, electrical measure-
ments are conducted along the length of the film and can vary
from values obtained along the thickness or the bulk because
of anisotropy. It is generally advisable, and time-saving, to
check the resistance of a film with a basic multi-meter and
pin-probes at room temperature before loading it into the
instrument to verify that the film is continuous throughout the
full length and that resistivity is reasonably low to satisfy
instrumentation limits.

The substrates for samples used to measure thermal
conductivity are different from those needed for measure-
ments of a and o: to measure k, substrates with high thermal
conductivity are needed. Thus, processing the same quality of
films on substrates with widely different thermal properties is
important to get meaningful values of g, a, and « (and ZT).
The thermal diffusivity of the substrate controls the lower
thickness limit of the film for such measurements. We note
that techniques such as AC-calorimetry or 3w technique are
optimal for thin films, in contrast to thermal-diffusivity
measurements.

4. Conclusions and Outlook

The performance of polymers and polymer composites for
TE applications can be improved by addressing materials
design, composite formation, composite characterization, and
ultimately device preparation and characterization (Figure 8).
Most examples of polymer composites for TE applications
utilize a conjugated polymer matrix, such as PEDOT or
PANI, with inorganic or organic fillers. The low thermal
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Figure 8. Preparation of next-generation lightweight, portable, and
flexible TE devices based on organic polymer composites accessed by
combing synthesis, processing, and standardized characterization.

conductivity of organic polymers is reinforced by matrix-filler
interface nanostructuring, which help improve the Z7. More-
over, organization of polymer chains by crystallization as
a result of intermolecular interactions (e.g., m-stacking) or
nucleation on the particle surface can enhance o. As such, the
identity of nanoparticle ligands can influence the dispersion
of nanoparticles in a matrix and the particle-polymer
interactions. The Ag and Au nanoparticle/ligand environment
can be tailored using thiol-based ligands,”>'*"! while func-
tionalization of metal chalcogenides, inorganic materials with
the highest TE performance, remain underdeveloped,® and
techniques for functionalization of carbon nanomaterials
have yet to be applied in the context of improved TE
properties.'”"2l Ongoing efforts to improve the TE proper-
ties of conjugated polymers,'>1? and the development of
new materials will greatly benefit from a thorough under-
standing of the effects of molecular structure, counterions,
dopants, and impurities (e.g., residual catalysts) on the
performance.’”) To date, structure-property relationships
are not fully defined for even the best-performing polymer
blends (partially dedoped PEDOT:PSS) and no systematic
study of the TE properties of polymer nanocomposites have
been reported. As this field is in its early stages, increased
research attention is bound to provide rapid improvements in
the development of improved polymer-based systems as TE
materials.

The behavior of TE composites depends on the properties
of the constituents and the interface between them. If both
polymer and nanoparticle are active TE materials, opposite or
identical effects on a and o can be realized, and both
components being n-type or p-type is desirable. Moreover, if
both are TE materials, good charge transfer between them is
necessary and the electronic nature of their interactions must
be taken into account, specifically the relative Fermi levels
and HOMO-LUMO gaps. An in-depth analysis of charge-
carrier transport across interfaces could facilitate the opti-
mization of the TE properties. Alternatively, if only the
polymer or particle is a TE material, the active component
must percolate the composite for efficient charge transport,
and the resistance between the electrically conductive do-
mains must be low.'”! Furthermore, the effects of material‘s
identity and relative particle loadings on a are poorly
understood parameters in polymer composites for TE appli-
cations, and a better understanding is needed. Some of the
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best TE composites require CNT loadings much above the
percolation threshold for electrical conductivity (>80 wt %
vs. 2wt %), and scalable and cost-effective TE compo-
sites will only be achieved by optimization at lower loadings.

Improving polymer composites for TE applications will
especially benefit from 1) developing n-type materials/com-
posites and 2) decoupling «, o, and a to facilitate ZT
optimization.'”! The vast majority of systems discussed in
this review are p-type, which is not surprising given that n-
type organic materials are generally unstable under ambient
conditions and have a propensity to show ambipolar charge
transport.**'*! Promising n-type organic materials include
small-molecule charge-transfer complexes,'®! fullerene-
Ceo,'? and perylene dianhydride.™ As small molecules
have poor mechanical characteristics and the thermal con-
ductivity of crystals is generally higher than that of amor-
phous materials,"*l a novel opportunity for preparing n-type
organic TE materials is the incorporation of molecules in
a polymer matrix by blending or covalent attachment to the
polymer chain.

Thorough characterization of o, k, and a will allow the
meaningful measurement of Z7, which suggests the useful-
ness of the material in a TE device, but is no guarantee for it.
Comparisons between materials or published reports can only
be made with standard characterization techniques. To ensure
that measured values are not inflated, the parameters of
sample size and shape, identity of substrate and electrode, and
sample anisotropy must be reported. Furthermore, TE
devices must have balanced Z7, g, and x between the p-type
and n-type legs, and resistance between the active layer and
electrode and thermal expansion should be low. Researchers
thus have opportunities to explore device design and the
lifetime and degradation profile of the materials/devices,
especially relevant given the evolution of composite mor-
phology over time.

Polymer-based composites are in the early stages of
development for TE applications, and can be compared to
organic photovoltaic (OPVs) and light-emitting diodes
(OLEDs) just a few decades ago. A promising class of all-
organic composites for TE applications is based on carbon
nanomaterials in commodity polymers, such as CNTs in
PVOACc, which would allow the large-scale preparation of
lightweight and flexible TE materials. While ZT measure-
ments are important for understanding the properties of the
materials, the ultimate usefulness of the materials will be
realized by their incorporation into TE generators or Peltier
cooling devices with operation temperatures higher than
300°C, complimentary to inorganic TE materials used at
higher temperatures.
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