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Printing thermoelectric inks toward next-generation energy and
thermal devices

Minxiang Zeng,>* Duncan Zavanelli,” Jiahao Chen,? Mortaza Saeidi-Javash,? Yipu Du,? Saniya
LeBlanc,® G Jeffrey Snyder®* and Yanliang Zhang®*

The ability of thermoelectric (TE) materials to convert thermal energy to electricity and vice versa highlights them as a
promising candidate for sustainable energy applications. Despite considerable increases in the figure of merit zT of
thermoelectric materials in the past two decades, there is still a prominent need to develop scalable synthesis and flexible
manufacturing processes to convert high-efficiency materials into high-performance devices. Scalable printing techniques
provide a versatile solution to not only fabricate both inorganic and organic TE materials with fine control over the
compositions and microstructures, but also manufacture thermoelectric devices with optimized geometric and structural
designs that lead to improved efficiency and system-level performances. In this review, we aim to provide a comprehensive
framework of printing thermoelectric materials and devices by including recent breakthroughs and relevant discussions on
TE materials chemistry, ink formulation, flexible or conformable device design, and processing strategies, with an emphasis
on additive manufacturing techniques. In addition, we review recent innovations in the flexible, conformal, and stretchable
device architectures and highlight state-of-the-art applications of these TE devices in energy harvesting and thermal
management. Perspectives of emerging research opportunities and future directions are also discussed. While this review
centers on thermoelectrics, the fundamental ink chemistry and printing processes possess the potential for applications to

a broad range of energy, thermal and electronic devices.

1. Introduction

The ability of thermoelectric (TE) materials to convert heat
into electricity and vice versa has sparked tremendous research
interest in the development of high-efficiency thermoelectric
materials and devices. It was estimated that ~60% of all fuels
used by industry and transportation become waste heat (mostly
low-grade heat), which could potentially translate to 15
terawatts of electricity globally.! The recovery of thermal
energy will not only bring huge energy saving and economic
benefits, but also alleviate the heavy reliance on fossil fuels and
thus reduce the emission of greenhouse gases. Owing to their
versatility and the advantage of adapting to various heat
sources, conformal and flexible thermoelectric generators (TEG)
are attractive options for energy harvesting to power sensors
(e.g., for remote structural health monitoring and commercial
plants), biomedical devices, and wearable electronics.? In
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addition, TE devices also have broad applications in localized
cooling, refrigeration and thermal management. However,
conventional TE devices are based on rigid bulk materials, and
their cost is not competitive enough compared with state-of-
the-art energy conversion technologies. To make TE technology
a commercially viable technology, advanced manufacturing
strategies are needed to further improve device scalability,
reduce materials cost, and improve system-level performances.

Conventionally, various materials fabrication technologies
including arc melting, ball milling, and spark plasma sintering
techniques have been extensively investigated for TE
applications.3®* However, these methods typically require
expensive facilities and involve energy- and labour-intensive
processes, which are not only unsuitable for fast prototyping
and low-cost manufacturing, but also pose challenges for
producing conformal/flexible TE devices. An alternative method
to fabricate conformal/flexible devices is additive
manufacturing, such as 2D or 3D printing.” Thus far, a large
number of ink-based printing techniques have been developed,
including screen printing, inkjet printing, aerosol-jet printing,
extrusion printing, roll-to-roll printing, and other additive
manufacturing methods.®'2 These ink-based printing methods
are particularly advantageous for fabricating thin/thick film
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devices with controlled shape and geometry, while some 3D
printing approaches are also used for building bulk TE
generators. Thanks to high-resolution printing and good
compatibility with a wide range of materials, printing TE
materials has led to recent innovations in energy devices,
including highly flexible TE components,*3 stretchable/wearable
TEGs,** and geometrically versatile TE devices.!®

Despite recent developments in the printing of functional TE
devices, a comprehensive understanding of the interplay of
materials chemistry, processing strategies, and device designs is
missing, particularly at the ink level. In this review, we propose
a bottom-up framework to elaborate fundamental correlations
between material synthesis, ink formulation, device design,
printing processes, and device applications. This review begins
with a discussion on thermoelectric device design principles,
highlighting the advantages of printing-based methods in
achieving high-performance, low-cost, and flexible/conformal
devices. The state-of-the-art advances in thermoelectric ink
sequentially discussed
synthesis, doping engineering, and ink formulation. Then,

chemistry are including material
various types of printing methods leveraging functional TE inks
are introduced, followed by a brief summary of recent
developments in conformal/flexible devices. Since TE devices
are not limited to energy harvesting applications, we expand
our discussion on device applications to other emerging fields,
such as thermal management and temperature sensing. In the
end, promising directions and research opportunities for
printing-related TE technologies are considered together with
possible challenges in mass commercialization. This review aims
to summarize the emerging materials processing and device
manufacturing techniques, elucidate the processing-structure-
property relationship of printed materials and systems, and
provide an impetus toward fast development of this highly
interdisciplinary research field covering both nanoscale building
blocks and macroscopic energy devices and systems. In
addition, the fundamental ink chemistry and printing processing
schemes in this review are highly general and could be
applicable to a broad range of technologies far beyond
thermoelectrics, such as printed electronics and sensors,
printed solid-state batteries, and printed photovoltaics. It
should be noted that this review mainly focuses on electronic
thermoelectric materials and devices, while thermogalvanic
cells and the thermophoresis-based devices are beyond the
scope of the review and can be found in other recent reviews.®

2. Overview
2.1. Thermoelectric figure of merit and device design
principles

Thermoelectric devices follow a set of design principles that can
be exploited by the adaptability and versatility of ink printing
processes. TEGs are typically designed to maximize their power
output P, which involves both the device efficiency n and the
supplied heat flow Q, where P =1Q. The efficiency n depends
on the temperature differences across the thermoelectric
elements such that n =1, (ATte/Th),

ATrg
P=n—20Q
r Th
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where n,is the reduced device efficiency, which is a function
of the thermoelectric figure of merit, zT. The material zT is
dependent on the Seebeck coefficient and electrical and
thermal conductivity as zT = 0S%T/k. Increasing the material zT
directly increases efficiency, which in turn increases power
output.

Vv1+2zT -1
= —— 7.
\/1+ZT+T—Z

Most thermoelectric research focuses on improving
material zT because of this relationship. The power factor (PF =
0S?) of TE materials can also be a useful metric when k is difficult
to measure. In addition, while the importance of zT is well
understood, there are other parameters that need to be
optimized for TEG design. For example, it is imperative not to
neglect the need for heat flow, Q, in calculating the power
output. Unfortunately, many choices in device design, such as
TE element length, change these terms in opposite directions.
The heat flow Q is limited by the capability of the TE device to
exchange heat with its surroundings both on the hot and the
cold side of the device. The heat transfer capability of the heat
exchangers can be expressed as the inverse of the thermal
impedance of the heat exchangers, 1/0u, which ultimately
determines the heat flow Q in the TE device based on a given
external temperature gradient.

In addition to the heat exchanger, the thermal impedance
of the thermoelectric device Ot must also be considered. Too
small of a Ot would lead to a low power output because of a
small temperature drop across the thermoelectric ATre = QOre.
However, an extremely high O would also lead to low power
output. Under a constant temperature boundary condition, a
large Or¢ would increase ATy, resulting in a decrease in the
temperature drop across the heat exchangers ATy and a
decreased Q. As a result of the above trade-off, the TEG power
output is maximized when the internal and external thermal
impedances are identical O = Oux in a situation similar to
impedance matching in traditional electronics for components
placed in series. This condition gives a function for the device
power that is dependent only on materials properties and the
temperatures of supplied heat (heat source and heat sink):”

p = n ATszupply QTE
Ty (Bux + Or5)?

The impedance of heat exchangers can be calculated by Opx
= 1/huAnx, Where hyx and Apy are the effective heat transfer
coefficient and the area of the heat exchanger. The impedance
of the TE device can be calculated by Org= [ /KAy f, where 1
and kg are the length and effective thermal conductivity® of
the TE elements, and f is the filling factor of the TE elements,
f=ATe/AHx-

The impedance matching requirement thus gives a relation
for the device geometries that maximize the power density
(power output per area) of a TEG?:

[ Kesr
=212
th

From this relationship, impedance matching can be
achieved by controlling the length of thermoelectric elements
and the filling fraction of TE elements in the device. Often the

This journal is © The Royal Society of Chemistry 20xx
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optimum [ is greater than typical thicknesses of films fabricated
by traditional thin film deposition methods,*® making printing
technologies ideal to achieve a much greater range of TE
element thickness from micrometres to millimetres. The
printed thermoelectric materials typically have lower kq¢ due
to porosity and other defects, allowing shorter lengths and
additive
manufacturing methods have led to the fabrication of advanced

larger filling factor of TE elements. Moreover,
heat exchangers with significantly improved hux compared with
traditional heat exchangers, further reducing the optimal length
[ of TE elements and enabling relatively thin and flexible TEGs.

This output dictates

thermoelectric materials should be designed and evaluated.

analysis of TEG power how
The power output of the system under thermal impedance
matching conditions is a function of efficiency and thus material
zT. As a result, material zT should be optimized rather than
material power factor.?? In addition, the doping level needed to
optimize zT is different than that needed to optimize the power
factor of a thermoelectric material.?! However, measuring the
thermal conductivity of printed materials can be very difficult
especially for printed thin films and thus power factor is often
the only metric reported. It is thus important to recognize that
this metric will not directly correlate to device efficiency and
power output and is an imperfect comparison between
materials. In addition, the impedance matching condition
means the output power is proportional to the device area as
well as AT?. Any comparison of TEGs must therefore include
both the AT and area to be able to compare power output or
power density.

The device figure of merit ZT can be reported for a complete

thermoelectric device. Device ZT can be approximated as
§2

where S is the overall device Seebeck coefficient, k and R are
the thermal conductance and electrical resistance of the device,
and T is the average device operating temperature. Optimizing
this factor will satisfy the conditions for optimal power and thus
is the most useful metric when comparing TEGs.

2.2.  Printing processes to enable high-performance and low-

cost device manufacturing

The use of printing originates from ancient China where
moveable woodblocks were used for letter reproduction.
Nowadays, owing to the ability to efficiently convert materials
into devices, printing has been considered as one of the most
versatile approaches for rapid prototyping and advanced
manufacturing. A wide range of materials, including conductors,
semiconductors, and dielectrics, have been leveraged for
printing devices for a variety of applications.???® Based on the
processing conditions, printing techniques can be mainly
categorised into two types: mask-based patterning and
maskless patterning. The typical mask-based printing strategies
include screen printing, roll-to-roll printing, and spray printing,
while extrusion printing, inkjet printing, and aerosol jet printing
are examples of maskless approaches. Mask-based printing
involves a pre-designed template that selectively allows ink to
deposit on substrates. By contrast, maskless printing methods
rely on nozzle dispensing or selective sintering/curing to

This journal is © The Royal Society of Chemistry 20xx
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convert starting ink materials into pre-defined 2D/3D patterns.
Here we highlight several major advantages of printing
technologies to enable high performance, low-cost, and
flexible/conformal thermoelectric materials and devices.

Printing methods provide a highly scalable and efficient
manufacturing process to directly transform thermoelectric
inks into microscale/macroscale devices. The printing process
can eliminate the labor-intensive processes and material waste
in conventional TE device fabrication, such as hot pressing of TE
disks, dicing TE elements, and assembling and joining TE
elements with metal electrodes. Printed thermoelectric devices
can realize optimized TE element thickness and geometry for
producing maximum power density with minimum materials
consumption, which significantly reduces device cost. Joining
thermoelectric materials to metal contacts with low contact
resistivity and high bonding strength is one of the most critical
processes in TE device fabrication. Multiple metallic layers
(diffusion barriers, solder, electrodes, etc.) can be readily
printed on the TE materials to obtain stable electrical contacts
with low resistances. Printing methods are highly scalable to
both energy
harvesting/thermal management and macroscale devices for
industrial waste heat recovery applications.

fabricate microscale devices for

The recent development of multi-material printing methods
enables the manufacturing of nanocomposite materials of
various compositions and sophisticated structures in a high-
throughput manner. The versatility of additive manufacturing
processes allows synergistic integration of virtually any
materials (e.g. organic and inorganic nanocrystals) with highly
complementary thermoelectric and mechanical properties.
These nanocomposites may or may not have increased zT over
the single constituent but will likely have improved mechanical
properties required for making robust devices. In addition,
printing methods facilitate the integration of multiple TE
materials  with  segmented  structures or gradient
compositions/doping such that the zT of each constituent
material peaks at the corresponding operating temperature
range. In this way, an increased average zT can be realized in
the graded TE elements for use in large temperature
differences.? 3°

Printing methods can be applied to integrate TE materials
with flexible substrates or support structures to produce highly
flexible devices. The flexible TE devices can greatly facilitate
integration with various heat sources on curved surfaces, such
as human body integration for powering wearable devices, and
integration with industrial systems to power sensors and
industrial internet of things. The fabrication of flexible TE
devices can leverage the rapid technology advancement of
printed electronics and roll-to-roll printing, which can make
thermoelectrics a cost-effective and commercially viable
technology.

The 3D conformal printing methods (e.g. aerosol jet
printing) allow direct printing of TE devices onto heat-source
components or cooling surfaces for intimate integration with
end-user systems. Furthermore, low-thermal-resistance and
compact heat exchangers are critical to achieving high heat flow
and high power density. Advanced printing methods can

J. Name., 2013, 00, 1-3 | 3
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manufacture compact thermoelectric systems with fully
integrated heat exchangers and greatly reduce the thermal
resistances of various components and their interfaces, leading
to improved system-level performances.

Despite vast variations among different printing
technologies, a typical printing process involves device pattern
design, ink formulation, printing, and post-printing processing.
In order to realize high-performance and low-cost printed

Metal chalcogenides Metal oxides

( Bi,Tes \ Zn0

Journal Name

devices, a holistic approach needs to be taken to judiciously
design and optimize all these critical processing steps. This
article aims to systematically review material synthesis, ink
formulation, device design, printing and post-printing
processing strategies, and device applications as well as to
elucidate the processing-structure-property relationship of
printed thermoelectric systems.
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Figure 1. Examples of inorganic thermoelectric materials.

3. Thermoelectric inks

3.1.  Synthesis of thermoelectric materials

3.1.1 Inorganic materials

Since the discovery of Bi;Tes in the 1950s, a great number of

synthetic strategies have been explored to prepare
thermoelectric materials. Depending on the operation
temperature, there have been a great number of

thermoelectric materials developed for energy conversion
applications (Figure 1). In the 300-450 K range, Bi;Tes, Sb,Tes,
and Ag,Se have been extensively investigated.3! In the 450-900
K range, PbTe, PbSe, half-Heuslers and skutterudites are the
popular choices.3? In the high temperature range (T> 750 K),
SnSe and SiGe show superior performance.?® These
thermoelectric materials can be readily fabricated using an
“alloying” approach where precursor elements are weighed,
mixed, and processed at an elevated temperature. The
advantages of this method include the accurate control of
material chemical composition and minimization of possible
contamination, though solid-state syntheses remain
challenging to scale up, and they are not well controllable in
terms of morphology and microstructures of TE materials.3*
More importantly, the TE particles synthesized by solid-state
syntheses lack ligand/surfactant on the surface and tend to
aggregate severely in the ink phase, which makes them not
compatible with some printing approaches (e.g., inkjet
printing).” 3> 36 Alternatively, solution-based wet-chemistry
methods have emerged as a potent synthetic approach for

4| J. Name., 2012, 00, 1-3

inorganic TE materials as they enable facile control of particle
size, electronic structures, and surface chemistry.3437 Currently,
solution-based synthetic routes have been explored for
synthesizing metals, chalcogens/chalcogenides, and oxides.3® In
addition, the wet-chemistry production of antimonides and Si—
Ge has been studied, though techniques that enable scalable
fabrication of numerous potential thermoelectric compounds
need further exploration.3% 3°

In a typical solution-based synthesis route, proper selection
of starting materials, such as precursors, redox agents,
surfactants and solvents, is crucial for synthesizing high-quality
nanoparticles. To maximize the reaction yield and avoid side
reactions, the reaction temperature profile needs to be
judiciously designed. For example, the reducing agent hydrazine
should be added under 120 °C (before further increasing
reaction temperature) due to its low boiling point (~114 °C).%°
After the reaction is completed, careful purification that
effectively removes byproducts/unreacted starting materials is
essential as impurities can significantly affect the
thermoelectric properties of TE materials. Taking metal
tellurides (e.g., Bi,Tes*!) as examples, Te precursors, bases,
surfactants, precursors of the metal cations (e.g.,
Bi(NOs)3-5H,0) are added to the high boiling point solvents
(e.g., ethylene glycol), followed by dissolution with the
assistance of either sonication or heating. After the addition of
reducing agents, the dispersion is heated to an elevated
temperature. For reducing agents, hydroxylamine (for

This journal is © The Royal Society of Chemistry 20xx
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Bi,Tesand Bi,Ses3), trioctylphosphine (for Bi,Tes), and
NaBH, (for SnSe) are commonly employed for synthesizing
nanostructured metal chalcogenides.3* For cations that can be
readily reducible (such as Ag,Te*? or Cu,Te*3), the use of
aforementioned strong reducing agents can be avoided
because solvents like ethylene glycol can reduce the cations into
addition, high temperature,
thermoelectric particles such as Bi,Tes** or PbTe* have been

metals. In under reaction
fabricated simply using ethylene glycol without any additional

strong reducing agent.

3.1.2 Organic materials

Conductive polymers, such as polypyrrole (PPy), poly(3-
hexylthiophene-2,5-diyl) (P3HT), polyaniline (PANI) and
poly(3,4 - ethylenedioxythiophene) (PEDOT), have been widely
studied for advanced energy and device applications including
biosensors and electrochemical capacitors.*® 4’ Figure 2a shows
several examples of conductive polymers that have been also
studied as TE materials. Either wet-chemistry polymerization or
electrochemical polymerization can be used to synthesize the
polymers, with or without catalysts.*®>° For example, the
synthesis of thermoelectric PEDOT can be achieved by
polymerizing 3,4-ethylenedioxythiophene in presence of
(Fe(OTf)3),
iron(l11) was used as both initiator and dopant.>! The electronic

iron(lll) trifluoromethanesulfonate where the
properties, such as conductivity, are highly dependent on the
doping of the polymers, as doping can significantly influence the
and bandgap of the conductive
polymers.>? Typically, n-type dopants provide electrons to the
lowest unoccupied molecular orbital (LUMO) of matrix

polymers (Figure 2b), whereas in p-type doping the electron

carrier concentration

moves from the highest occupied molecular orbital (HOMO) of
the polymers to the p-type dopant species and creates a hole in
the polymer backbone.>3

P-type polymers
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Figure 2. a) Examples of p-type and n-type thermoelectric
polymers and their doping mechanism. b) Doping mechanism to
tailor the transport properties of TE polymers. c) Examples of p-
type and n-type dopants.

For thermoelectric applications, these conductive polymers
are usually highly doped, chemically or electrochemically.
Several chemical dopants have been demonstrated, as shown
in Figure 2c. Redox reactions allow electrons to transfer
between polymer backbones and dopant molecules (in
chemical doping) or electrodes (in electrochemical doping).
Acid/base doping involves proton transfer processes, where H*
is bonded on polymer backbones without changing oxidation
numbers. For polymer synthesis or preparation, polymerization
conditions can be harnessed to tune nanoscale or microscale
morphologies of the materials. Yu and co-workers reported a
supramolecular method to synthesize structured polypyrrole,
where various molecules were used as crosslinkers to form
polymer nanowires.>* They also found that the morphology and
structural parameters of the polypyrrole can be tuned by using
different initiators and dopant molecules and varying their
concentrations in the synthesis. In TE materials, arguably the
most important two properties, electrical conductivity and
Seebeck coefficient, are mostly related to carrier concentration
(and often mobility>> as well). Doping in the conjugated
polymers
conductive. The generation of charge carriers in conductive
polymers is complicated, but it is generally considered the
creation of polarons and bipolarons in the polymer chain.?®>7 In
some cases, such as polyacetylene, the solitons created by
doping form a soliton band and result in metallic conductivity.>®
Polarons and bipolarons can be detected with electron spin
resonance (ESR) techniques, ultraviolet-visible and near-
infrared (UV-vis-NIR) spectroscopy, and Raman spectroscopy.
Similar to all organic electronic materials, the crystallinity and
morphologies of TE polymers determine the charge transport
mechanisms. However, doping levels, conformation, and the
stacking manners of molecules can affect the (bi)polarons, and
hence the charge carrier transport behaviour. To achieve
desirable thermoelectric properties, dopant concentrations,
chemical structures of the molecules, counterions effect, and
the resultant molecular arrangement should be taken into
account in designing the materials.

In addition to electrical conductivity, thermal conductivity or
mobility of heat in conductive polymers also needs to be
engineered for TE applications. Similar to inorganic materials,
heat is transported in conductive polymers by phonons and
charge carriers. However, the Wiedemann-Franz law in
inorganic metals and semiconductors
conjugated polymers because of their stronger charge-lattice
coupling.®® %2 It is widely acknowledged that the charges in
conducting polymers could induce lattice deformation and thus
could be localized. Charge transport is therefore significantly
restricted by such localization of the charges in conductive
polymers, blocking the thermal transport.®® Thus it is generally
understood that thermal transport in conductive polymers can
be dominated by phonons. However, a linear correlation

introduces charge carriers and renders them

is often invalid in

J. Name., 2013, 00, 1-3 | 5
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between electronic thermal conductivity (k) or phonons (kp)
with thermal conductivity, as k = ke + Ky, is oversimplified due to
the strong and complicated interactions between electrons and
lattice vibrations in conducting polymers. Wang et al. reported
that not only the polaron (charge and phonon) but also the
interaction energy between charges and lattice vibrations make
significant contribution to the thermal transport in conductive
polymers such as poly(3-hexylthiophene-2,5-diyl) (P3HT) and
poly(3,4-ethylenedioxythiophene)-poly(styrenesulfonate)
(PEDOT:PSS).*

Conductive polymers show promising TE properties;
however, the dependence of thermal conductivity on synthesis
conditions and molecular structures has not been sufficiently
investigated.*® Historically, the challenge of reliably measuring
thermal conductivity along the same direction as the electrical
conductivity of polymer films makes reporting power factor
more relevant for conductive polymers. More recently, it has
been reported that the crystallinity of the polymer materials,
alignment of polymer chains, and domain interfaces or grain
boundaries may affect the thermal conductivity of polymer
films or fibers.52%% This also brings the challenge that the current
minimum thermal conductivity model can only explain the
thermal conductivity of amorphous polymers. Understanding
the heat transport in conductive polymers is yet still an ongoing
effort.%®

Low thermal conductivity and mechanical compliance of
conductive polymers make them good candidates for
thermoelectric units in wearable devices or flexible TEG. The
overall thermoelectric performance of such organic TEG,
however, still needs to be improved for practical use. To
develop organic thermoelectric devices with satisfactory
overall zT values, further development is needed to understand
the conductivity and Seebeck coefficient of crystalline
conductive polymers.

In addition to the thermoelectric effect based on electronic
transport, ion-based thermoelectric phenomena have also been
reported,®® ®7 typically including thermogalvanic effect (induced
by the temperature-dependent entropy changes that involve
electrochemical reactions) and Soret effect (i.e., the
thermodiffusion of cations and anions without electrochemical
reactions). A number of ion-based thermoelectric systems
including ferri/ferrocyanide ([Fe(CN)e]*"/[Fe(CN)e]137),%8 iron
sulphate,® and copper/copper hexacyanoferrate’® have shown
encouraging potential for harvesting low-grade thermal energy.
Due to very limited number of reports on printing ionic
thermoelectrics, this review mainly focuses on electronic-based
thermoelectric materials and devices. A comprehensive
overview of ionic thermoelectric materials and devices can be
found in other recent reviews.”% 72

3.2.  Ink formulation

The recent advancements of solution-based manufacturing
methodologies have sparked tremendous research interests in
developing functional inks of energy materials, leading to a
fascinating variety of printed devices including sensors,
supercapacitors, lithium-ion batteries, and solar cells.” In

6 | J. Name., 2012, 00, 1-3

formulating printable TE inks, the solvent selection is important
to the colloidal stability of TE materials. Dispersing
thermoelectric materials in solvents requires a suitable solvent
that matches the materials or their surface ligands. In addition,
the solvent viscosity, surface tension, and Hansen solubility
parameters should be considered carefully to disperse
nanomaterials in inks.”® 74 For example, Hansen distance (Ra,

also referred as Hansen solubility parameter) is as follows:

2 2 2
Ra = \/(SD.A —6p5) +(8pa—6pp) + (8ua—0up)
Where 6p is the energy from dispersion forces of A and B, ép

is the energy from dipolar interaction, and 6 is the energy from
hydrogen bonding.

The smaller Ra is, the more likely the two molecules or
compounds are to dissolve. As Ra is not readily available for
many TE materials, a quick estimation can be made using the
polarity of the solvent, as shown in Figure 3a. The volatility of
solvents can also play an important role in the printing process.
For instance, screen-printing techniques use solvents that are
less volatile (e.g., terpineol) to avoid possible clogging of the
screen mesh related to rapid drying, while highly volatile
solvents (e.g., ethanol) are needed for high-speed roll-to-roll
printing. For certain ink materials, mixed solvents can further
improve the dispersity and ink rheology by tuning the boiling
point, surface tension and solubility parameters.”> 7¢ To date,
most high-quality nanoparticles have been obtained and
dispersed using organic solvents, while environmentally friendly
solvents such as water provide a cost-effective alternative
which would be highly valuable for scalable manufacturing
processes.”” To use water as a solvent, serious shortcomings
such as the oxidative and hydrolyzing abilities of water need to
be overcome, and the stability of the thermoelectric material
families (e.g. half-Heuslers) must be improved by introducing O,
scavengers or surface passivation.

For TE polymers, significant effort has been made to
improve the solubility/dispersity. Historically, the first
generation of conjugated polymers are neither soluble nor
fusible due to the strong intermolecular interactions without
side substitutes.*® One way to improve the polymer solubility is
to polymerize monomers with longer side substitutes, resulting
in the second development of conjugated polymers. In fact, the
improved solubility facilitates the processing of TE polymers as
well as the synthesis of polymers with larger molecular weights.
Another method is to introduce external species that can
facilitate emulsion polymerizations, such as PEDOT:PSS and
PANI:camphorsulfonic acid (CSA). Nowadays, PEDOT:PSS of
various qualities is commercially available in the form of
dispersion in water.

Another factor in the colloidal stability of TE inks is the
surface ligands/surfactants used.”® For nonpolar solvents, steric
repulsion plays a major role in colloidal stability; surface ligands
with solvophilic groups (e.g., long-chain alkyl groups) are often
required. For polar solvents such as water, colloidal particles
can be stabilized electrostatically and/or sterically.”®® As
shown in Figure 3b, DLVO theory (named after Boris Derjaguin
and Lev Landau, Evert Verwey and Theodoor Overbeek)
describes the interaction between charged surfaces in a liquid
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Page 6 of 28



Page 7 of 28

medium, quantifying the effects of the van der Waals attraction
and the electrostatic repulsion from the double layer of
counterions.?% 0 Several examples of surfactants can be found
in Figure 3c. Owing to the steric repulsion or/and electrostatic
repulsion, the addition of surfactants can significantly improve
the colloidal stability of inks (Figure 3d) and allow higher
concentrations of TE materials for printing applications. In
addition, some studies indicate that surfactants can improve
film adhesion via an ink aging process.®* However, the residue
of organic surfactants can negatively affect the thermoelectric
properties of the final material, and thus additional thermal
processing or purification step is often required to remove
these surfactants.”
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Figure 3. Solvents and surfactant chemistry of ink formulation.
(a) Various types of solvents and their relative polarity to water.
(b) DLVO profile of a colloidal suspension with the van der Waals
and double layer contributions.” (c) Examples of cationic (red),
anionic (blue), and nonionic surfactants (black).®? (d) Schematic
illustration of steric and electrostatic repulsion.®3 b-d) adapted
from ref. 7, 92, 93 with permission from RSC.

a b
X-type to X-type ligand exchange
X-type L-type Z-type
lons/ion pair  Neutral donor Neutral acceptor o : ° c
Loy . rcl I-i
RCOO- NHNH,  Cd(RCOO), - - Extinsic doping
RPO(OH)O~ RNH, Pb(RCOO), ° :‘ o -
RS- RsP CdCl, Lo, LSCN -
cr RsPO AlCI, A - A - *’
HO- RCOOH e contl |
AsS;* Pyridine % (in;se

o
aA - A - A
Band

d PbTenanocry_slals Sb,Te,-MCCs e
A S pDee

1cm
et

and thermoelectric metal

Figure 4.
chalcogenide ligands. (a) Examples of common surface ligands.
(b) Schematic of ligand exchange processes.3® (c) Photographic
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image of a Cu,Se from Zintl ions, showing a mirror-like
reflection.®* (d) PbTe NCs and Bi,S; nanorods capped with the
organic ligands and a solution of Sb,Te3-MCCs (molecular metal
chalcogenide complex).?® (e) Drop-cast thin film of PbTe NCs
capped with Sb,Te;-MCCs, spray-coated (Bi,Sb),Tes thin film
with ligands.®> b) Adapted from ref. 38 with
permission from RSC. c) Adapted from ref. 94 with permission

inorganic

from Wiley-VCH. d-e) Adapted from ref. 95 with permission
from ACS.

As the surface of nanomaterials dominates many physical
and chemical processes,’® the surface ligand is an important
component in ink formulation. Typically, surface ligands can be
classified into different types, including X-type, L-type, and Z-
type ligands (Figure 4a).”® °¢ X-type ligands are molecules that
form a two-electron covalent bond and coordinate with non-
(RCOO")
thiolates (RS™). L-type ligands (like phosphines (R3P)) are neutral

neutral cationic sites, such as carboxylates and
two-electron donors with a lone electron pair that coordinates
with surface sites, while Z-type ligands (including Pb(OOCR),)
bind as two-electron acceptors on the particle surface. The type
of ligand may also depend on the surface chemistry and
reaction sites that it binds with. For example, oleic acid can be
used as a bidentate Z-type ligand or as X-type oleate ions
depending on the particle surface chemistry.®®

To further tune surface chemistry and nanomaterials
properties, ligand exchange/removal are popular strategies for
band engineering, stoichiometry control, and extrinsic doping
(Figure 4b).3® In addition to conventional organic ligands,
inorganic ligands including metal-chalcogenide complexes
(MCCs) have been recently demonstrated to enable
nanomaterials with relatively high charge carrier mobilities.®” In
particular, metal chalcogenide complexes not only provide
colloidal stability to nanoparticles, but also can be converted
into thermoelectric materials by either thermal annealing or
laser treatment. For example, Cu,Se can be generated from Zintl
ions, resulting in a mirror-like reflection from the thin film
(Figure 4c).>* PbTe NCs and Bi,S3 nanorods can be stabilized
using molecular metal chalcogenide complexes (Sb,Tes-MCCs,
Figure 4d-f).°> After thermal annealing, Sb,Tes-MCCs
transformed into Sb,Tes; and Te, which facilitate the formation
of TE nanocomposites with controlled grain size. In addition to
solvents, surfactants, and ligands, various types of polymers
have been used as additives in ink formulation (such as
polyvinylpyrrolidone).®® %2 Some functional polymers can
improve ink rheological properties, while others can serve as a
colloidal stabilizer and prevent particle aggregation.'® Ink
binders are used to connect nanoparticles to each other and
thus form a more robust structure after printing. Several
thermoelectric ink formulations consisting of TE materials,
solvents, ligands, surfactants, binders, and other additives are
shown in Table 1.
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Table 1: Examples of thermoelectric ink formulations and printing approaches. *The abbreviations of chemicals are EG: ethylene
glycol, HA: hexylammonium chloride, NMF: N-Methylformamide, CNT: carbon nanotube, Gr: graphene. ** The 1-cyanoethyl-2-
ethyl-4-methylimidazole was used as a cure accelerator in epoxy systems.

TE materials Solvent Ligands/Binders/Additives Printing methods
Bio.sSb1.6Tes a-Terpineol Disperbyk-110 Screen printing®°?
Bi:Te2.s5€o.2 a-Terpineol Disperbyk-110/glass frits Screen printing!°?
BizTez7Seo3 EG/glycerol/ethanol PVP Aerosol jet printing'®
Sb,Tes-Te EG/glycerol/ethanol PVP Aerosol jet printing®
PEDOT:PSS-CNT Water SDS/PVP Aerosol jet printing!®®
V,0s /PEDOT Water - Ink jet printing®®
Poly[Kx(Ni-ett)] DMSO - Ink jet printing®®”
/PVDF

Bi:Tes NW Water PVP Ink jet printing®®
TiS2(HA)x NMF HA Ink jet printing?®®

Bi:Tes/Se/epoxy Butyl glycidyl ether

1-cyanoethyl-2-ethyl-4-

Dispenser printing®

methylimidazole**

Te-PEDOT:PSS Water -
Bio.sSbisTes Glycerol Sb,Tes MCCs
CNT/P3HT Chloroform P3HT
N-doped Gr EG -

PEDOT: PSS Water DMSO

Dispenser printing'®

Dispenser printing*!
Spray printing 12
Roll-to-roll printing*?

Roll-to-roll printing*?

The ink rheology such as viscosity plays a significant role in
the printing consistency and performance. Ink viscosity defines
the resistance to flow at a given shear rate.!!* Typically, screen
printing requires inks with high viscosity, while low-viscosity ink
is preferred for inkjet printing. It is worth mentioning that some
nanoparticle inks exhibit unique behaviour under shear
force,'1>120 such as reduced viscosity at a high shear rate (i.e.,
shear-thinning behaviour). Kim et al. observed the shear-
thinning phenomena for Bi,Tes-based ink.!*' The authors
attribute it to the collapse of the colloidal structure under shear
stress. The shear-thinning dispersions allow the ink to flow with
less increase in resistance force at a higher shear rate, which
facilitates nanoparticle homogenization and ink processing
during printing.

4. Ink printing and processing

With the ability of directly transforming thermoelectric inks
into TE devices with predesigned patterns and shapes,'? 1! a
number of printing techniques (such as screen printing, inkjet
printing, aerosol-jet printing, etc.) have been investigated
extensively, and a wide range of TE materials including inorganic
nanoparticles (e.g., BioTes, Sb,Tes, SnSe, CazCo404) and organic
polymers (e.g., PEDOT, PPy, PANI) have been successfully
integrated in printing processes.103 122125 Here we review the
most applicable printing methods to manufacture TE devices.
4.1. Screen printing

The screen-printing technique is one of the most studied
scalable and low-cost printing methods for processing
thermoelectric materials as it can tolerate the high viscosity of
concentrated TE inks. As a template-based process, screen
printing relies on the precise transfer of ink through a stencil
screen (e.g., fabrics) on the desired substrates. Figure 5a shows

8 | J. Name., 2012, 00, 1-3

a typical process of screen printing, where a template mask
allows ink to flow through.'?® Ink formulation typically requires
high ink viscosities, and thus polymeric binders are often used.
Polymers, such as ethyl cellulose, polyaniline,’?” and polyvinyl
alcohol,'?® have been successfully demonstrated for screen-
printing processes. As early as 2016, Zhang’s group reported
screen-printed TE devices using BiTes—based inks with
Disperbyk-110 (phosphoric acid polyester based additive) as a
binder (Figure 5b-c).1%2 The films showed a peak zT of 0.43 at
175 °C and good mechanical stability evidenced by 150 bending
cycles.

S

b

Screen
printing

———

Film Printing
Squeegee

Screen

Figure 5. Screen printing and its application in fabricating TE
devices. (a) Schematic of a typical screen-printing process. (b)
Screen printing process of flexible TE films using Bi,Te,.sSeo.2
nanoplate ink. (c) Cross-section SEM image and optical image of
printed Bi,Te, gSep film.1%% (d) Schematic of the screen-printed
Bi,Te; and Sb,Tes on glass fabrics. (e) Optical image of flexible
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screen-printed TE devices.'?® b-c) Adapted from ref. 102 with
permission from Springer Nature. d-e) Adapted from ref. 129
with permission from RSC.

Screen printed TE devices have shown exceptional
adaptability to arbitrary geometries of heat source surfaces.
Several flexible devices on substrates

Kapton were

demonstrated using pastes of well-established TE materials.!3%
131 Inorganic Bi;Tezand Sb,Tes,
PEDOT:PSS,

chemical treatment.'1° Although an organic binder improves

combined with organic
showed zT values around 0.2 and 0.4 after a

the processability of TE ink in screen printing, it typically
decreases the electrical conductivity of the TE particles, and a
sintering step is required to improve functionality. However,
unlike bulk TE pellets, the flexible TE films are more vulnerable
to oxidation and possible sublimation. Kim et al. found that
introducing excess tellurium powder into the sintering chamber
may alleviate the above side reaction during thermal annealing.
The authors found that the carrier mobility of a screen printed
Sb,Tes thick film was increased threefold, and the power factor
nearly doubled, resulting in a zT of 0.32. Screen printing has also
been used for fabricating flexible and wearable thermoelectric
devices (Figure 5d-e).??° Such flexible TE devices are relatively
thin and light in weight (~0.13 g cm™2), which is important for
harvesting human body heat. The TE devices also showed good
thermoelectric even at

performance low temperature

difference with output power per unit weight of 28 mw g1.12°
4.2. Inkjet printing

Inkjet printing is a versatile manufacturing technique
performed by jetting discrete ink droplets through a nozzle.
Figure 6a shows an inkjet printing process which is based on a
pressurization actuator (thermal, piezoelectric, etc.) to eject a
stream of ink droplets that contains materials of interest.!3?
Nozzles of inkjet printing are typically 10-30 um in diameter,
and droplet volume is typically in the range of 1-20 pL. Inkjet
printing typically involves inks with low viscosity (1-50 cP), and
the stable jetting of an ink can be estimated by a dimensionless
Z number which describes the ink fluidic properties.?33 134 For a
given printer nozzle (nozzle diameter of D), the relationship
between the Z number with ink density (p), surface tension (y),
viscosity (n), and Ohnesorge number (Oh) can be shown as
follows.3%

1 ypD
=on= —77

As a rule of thumb, an ink with Z number of 1-14 indicates
stable ink jetting.’3> 136 |nk with Z >14 may form satellite
droplets, while Z <1 indicates elongated ligaments which may
also break up into satellite droplets.3®

Owing to its high spatial resolution, inkjet printing of
thermoelectric materials has attracted increasing research
attention over the past decade. For example, Juntunen et al.
reported flexible p-type graphene thin films by inkjet
printing.*3” A graphene-based ink was prepared using liquid-
phase exfoliation and can be readily printed into various
patterns (Figure 6b). As shown in Figure 6c, the inkjet-printed
graphene on polyimide is fairy flexible and is thus suitable for
conforming onto nonplanar hot surfaces. Due to the moderate
Seebeck coefficient of graphene (=41 pV K1), the printed TE

Z
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films show a room-temperature thermoelectric power factor of
18.7 uW m~! K2, Despite the high thermal conductivity of CVD-
grown graphene, the authors introduced disordered
nanoporous structures in few-layer graphene films, leading to
some degree of phonon-glass character and a relatively low
thermal conductivity of 1.00 + 0.25 W m~! K, Sb-Bi-Te-Se alloys
have also been printed using inkjet printing techniques. Inks of
SbisBipsTes and Bi,Te, 7Se03 have been printed followed by
thermal in Ar/H; environment.'?2 The authors
reported a moderate power factor for SbisBigsTes (77
UMW m 1 K2) and BiTe;;Se03 (183 pW mtK™2). As another
example, Chen et al. developed printable inks of Bi,Tes and
using a
method, where thermal sintering

sintering

Bip.sSb1sTes nanowires solution-phase synthesis
is also applied after
printing. During the high-temperature thermal annealing (450
°C), the printed TE nanomaterials’ morphology changed from a
nanowire shape to a microdisk form (Figure 6d). Thanks to the
optimization of sintering parameters, the maximum power
factor for the Bi,Tes and BigsSbisTes are 180 uW m=t K2 and
110 uyW m™ K=, respectively. As shown in Figure 6e-f, a TE
prototype that harvests waste heat from hot water was
developed. Despite the small temperature difference between
the water and the air, a measured voltage of 9.8 mV was

demonstrated.3

a Inkjet printing b

.

- me
Y Actuator
ND

Figure 6. Inkjet printing and inkjet-printed TE materials. (a)
Schematic of inkjet printing process. (b) Printed pattern of
thermoelectric graphene. (c) Printed TE legs of graphene.37 (d)
SEM image of inkjet-printed TE particles annealed at 450 °C. (e-
f) Photographs of a flexible TEG prototype tapped on water cup,
showing open circuit voltage before (e) and after adding enough
hot water in cup(f).®* b-d) Adapted from ref. 137 with
permission from Wiley-VCH. e-f) Adapted from ref. 13 with
permission from RSC.

In addition to inorganic thermoelectric particles, organic TE
polymers have also shown encouraging potential for inkjet-
printed TE devices. As inkjet printing requires less viscous inks
in comparison with screen printing, polymer systems with lower
viscosity, such as PEDOT, have been successfully demonstrated.
Inkjet printing of a TE module with p-type legs of PEDOT-
tosylate (Tos) and n-type legs of tetrathiafulvalene-
tetracyanoquinodimethane (TTF-TCNQ) was
with decent power output (0.128 uW).138 The power factor of
PEDOT-Tos was further tuned by adjusting the oxidation level.

demonstrated
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With the oxidation level changed from 36% to 15%, the polymer
conductivity decreased significantly (300 Scm™lto 6 x
10%Scm™). To better improve the ink dispersity and
printability, ball milling was used to prepare inks of poly[Cu,(Cu-
ett)]/Poly(vinylidene fluoride) (PVDF)/dimethyl sulfoxide and
poly[Kx(Ni-ett)]/PVDF/N-methyl-2-pyrrolidon.®” The authors
reported PF of 1.92 and 1.58 uW m~K=2 for n-type and p-type
materials, respectively. An output voltage of 15 mV was
obtained for a temperature difference of 25 K.107

4.3.  Aerosol-jet printing

The aerosol jet printing is an emerging printing technique
that is based on the reliable transfer of focused aerosolized
droplets onto substrates.'3%142 This approach begins with
aerosolizing TE inks with sonication force or shear pressure,
forming a dense stream of aerosolized droplets (Figure 7a).
Aerosol jet printing can handle inks with broad range of viscosity
from 1 cP to approximately 1000 cP, which is much more
general than conventional inkjet printing (5-50 cP).” With
appropriate ink formulation, the printed line width can be
controlled to be as low as 10 um.*3 Recently, aerosol jet
printing has been used to print a wide range of materials onto
various surfaces.!*1%8 |n particular, aerosol jet printing can
print on a curved substrate, such as 3D cylindrical pipes, as the
print head is able to move freely in 3D space and can work
relatively far from the desired surface (~cm).

a Aerosol-jet printing b

N\

Figure 7. Aerosol-jet printing and printed TE materials. (a) The
working principle of aerosol-jet printing. (b) Camera images of
thermoelectric inks for aerosol jet printing. (c) Several printed
patterns of TE inks using aerosol jet printing.’®* (d) The as-
printed films with designed patterns printed on various 2D and
3D substrates.'%3 b-c) Adapted from ref. 104 with permission
from Wiley-VCH. d) Adapted from ref. 103 with permission from
Wiley-VCH.

The ability of aerosol jet printing to process inks with a wide
range of viscosity greatly expands the choice of ink materials
including metals, semiconductors, and polymers.” 14° This
feature can be particularly helpful for printing nanocomposites
of multiple materials with distinct shapes and morphology. For
example, Zhang’s lab has demonstrated the printing of shape-
versatile TE composite of Sb,Tes nanoplates with Te nanorods

10 | J. Name., 2012, 00, 1-3

(Figure 7b-c).1%* The printed TE device showed a maximum
power factor of 2.2 mW m™K2at 500 K and a competitive
electrical power density of 7.65 mW cm™ on a flexible device at
60 K temperature difference. The printed film demonstrated
high flexibility with only a slight increase of 0.6% in resistance
after 1000 bending cycles (curvature radius at 7 mm). Organic
polymers and inorganic particles have also been demonstrated
using aerosol jet printing. Recently, different organic and/or
inorganic composites, including CNTs-PEDOT:PSS and Sb,Tes-
CNTs-PVP-PEDOT:PSS, fabricated by
printing.1% The authors also compared and studied the
different loading ratios of Sb,Te;and MWCNTs within the
PEDOT:PSS matrix. In addition to the homogeneous mixing of

were aerosol-jet

polymer and inorganic nanoparticles, the same group also
developed compositionally graded thermoelectric composites
to optimize the PF along the applied temperature gradient.'>°
Under a temperature difference of 70 K, the authors found that
the 15 wt% Bi,Te3-PEDOT:PSS nanocomposite showed an
enhanced power output =~ 13 nW, while the p-type leg
comprising 50 wt% Sb,Te3-PEDOT:PSS nanocomposite showed
a power output of =~ 10 nW. Recently, solution-processed
Bi>Te, 7Sep 3 was also printed on various substrates using the
aerosol jet printing technique.® As shown in Figure 7d, both
2D and 3D substrates were used with high spatial resolution.
The aerosol jet printed Bi;Te; ;Seg s films demonstrate a room-
temperature power factor of 730 uW m= K2 using a rapid

photonic sintering technique.103

4.4.  Extrusion-based printing

Extrusion-based printing, such as dispenser printing, is a
popular strategy for 2D and 3D printing of nanomaterials due to
its low cost, ease of use, and wide material options. Extrusion
printing relies on the external pressure (induced by piston,
pressurized air, or screw force) which pushes the ink to form 3D
objects followed by a solidification process.?®> The printing
resolution of the dispenser printing is often controlled or closely
related to the nozzle size.'® 12 An important feature of
dispenser printing is the wide material choice because it can
handle not only low-viscosity particle dispersions, but also
exceedingly viscous inks with large particle loading. This
advantage of dispenser printing enables numerous ink options,
and thus a wide range of nanomaterials have been successfully

printed using dispenser printing.1>>1>> The viscoelastic
properties of some inks have allowed self-supporting
structures, >3 136, which can be particularly useful for fabricating

functional devices with relatively large thickness.t>7-160

A typical extrusion/dispenser printing of thermoelectric
materials is shown in Figure 8a. Jung et al. demonstrated a
flexible solar thermoelectric generator by dispenser printing of
Bip.4Sb16Tes and Bi;SegsTe; 7.8t As shown in Figure 8b, various
patterns of TE ink are dispenser printed on a flexible polyimide
substrate. After depositing five layers of solar absorber using
Ti/MgF,, the solar thermoelectric generator comprising 10 pairs
of p-n legs has an open-circuit voltage of 55.15 mV. Park et al.
designed a bracelet-type TE device where CNT is deposited on a
flexible substrate.1®? The bracelet-type TE device with 60 pairs
of n- and p-doped CNT exhibits a maximum power output of

This journal is © The Royal Society of Chemistry 20xx
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1.95 pW at 30 K temperature difference. The printed CNT
devices possess high flexibility with minimal resistance change
after more than 3000 bending cycles. This flexible TEG could be
useful for harvesting energy on curved heat sources.

As extrusion printing can work with relatively viscous inks,
several structural polymers, such as epoxy, have been used to
fabricate TE composite. For the Evans group
demonstrated epoxy-based inks of n-type Bi,Tes and p-
type Sb,Tes; with a room temperature zT of 0.16 and 0.41,
respectively.63 164 The same group also developed a 50-couple
prototype device with a power output of 10.5 uW at 61.3 uA
and 172 mV under a temperature difference of 20 K.16° Ultra-
violet light curable polymers can be printed as structural

example,

materials or supporting structures, which eliminates the need
for masks to transfer the patterns onto the substrate.®® For
example, Cao et al
thermoelectric generator by dispenser printing on flexible

presents a vertically fabricated 3D

polyimide substrate.’®® This work involved the printing of
electrodes, thermoelectric materials, and structural material.
For a device consisting of 8 unicouples, the Seebeck coefficient
and maximum power output were 23.6 uV K*and 1.54 nW,
respectively.16®
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Figure 8. Extrusion printing and printed TE materials. (a)
Schematic illustration of extrusion printing. (b) Extrusion
printing and printed patterns.'®! (c) Photograph of TE inks for
extrusion printing. (d) Modelling of conformal printed TE
devices on pipelines. (e) Optical image of printed thermoelectric
generators with inset showing n-type and p-type half rings.'' b)
Adapted from ref. 161 with permission from Elsevier. c-e)
Adapted from ref. 111 with permission from Springer Nature.

With careful design of TE ink  formulation,
extrusion/dispenser printing is able to build 3D devices that can
be conformal on non-planar curved heat sources. Son’s group
developed a cylindrical TE device that can be directly attached
onto an alumina tube conformally, using a dispenser-based 3D
printing process (Figure 8c-e).!'! The authors calculated the
temperature and electrical potential distributions in the TEGs
under a flow of hot water through the curved pipe and found a
larger temperature gradient within the conformal TE elements
and less parasitic heat loss than non-conformal planar TEGs
(Figure 8d). As shown in Figure 8e, the printed device was highly
compatible with curved surfaces to effectively transfer heat

This journal is © The Royal Society of Chemistry 20xx
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energy. The inner diameter of the half-ring TE legs was
controlled to match the outer diameter of the curved pipe.
Owing to the use of molecular metal chalcogenide complex as a
ligand and thermoelectric filler, a maximum output power of
1.62 mW (power density of 1.42 mW cm?) was demonstrated
at a 39 K temperature difference.

4.5.  Roll-to-roll (R2R) printing

Roll-to-roll (R2R) printing techniques (such as gravure and
flexographic printing) have been widely adopted as a
commercial printing technology for scale-up manufacturing of
labels, smart packaging, and organic light-emitting diodes. 67 168
R2R printing uses predesigned plastic/metal cylinders that
transfer inks onto substrates, which can be operated at fast
speed and thus enables a high-throughput continuous
process.'®® Despite some variations on process design, many
R2R printing techniques allow printing procedures to be
repeated several times to achieve multilayer deposition of inks.
To ensure a high-resolution R2R printing, it was suggested that
the small particle size would be beneficial, with which a high-
resolution (~30 um) patterning of nanoparticle ink can be
achieved.”?

By using high-throughput R2R printing, 18,000 serially
connected junctions of PEDOT:PSS (6 cm? per junction) with top
The
architecture uses only one type of thermoelectric material (p-

and bottom Ag electrodes were demonstrated.!’?

type) for harvesting thermal energy, which limits the power
output to 54 pW at a temperature difference of 70 K.17* Organic
interconnects are also used in roll-to-roll processing for in situ
printing TE devices.'*3 Zhang et al. printed the inks of p-type
(PEDOT:PSS), n-type (nitrogen-doped graphene), and
interconnection strips (PEDOT:PSS) by three printing rollers
onto a flat substrate.'3 When a roller is partially immersed in
inks, strips
“stamped” on the substrates by contacting with rotating rollers

corresponding different conductive can be
followed by the solvent removing processes. The authors
suggested that the solvent-borne inks of organic interconnects
can dissolve some materials from the organic TE legs at the
interface, which may help to lower the contact resistance for
the printed devices. The authors reported a decent output
power density of 0.24 mW m™2at a small temperature
difference of 10 K.

4.6. Spray printing and other patterned coatings

Spray printing is a popular deposition technology in art and
industry, which uses pressure to spray ink through a nozzle
where a large number of ink droplets are formed.’? Spray
printing can enable the rapid deposition of functional ink over a
large area, while several parameters (e.g., solvent, flow rate,
substrate temperature) play significant roles in the uniformity
of deposited films. To fabricate devices with controlled
patterns, a predesigned mask is often needed to ensure the
formation of desired device architectures.

Spray printing of thermoelectric materials has been
investigated recently for a possible solution toward large-scale
manufacturing of TE devices. For example, Hong et al.
developed a CNT/P3HT organic thermoelectric
generator by spray-printing.1*?2 The as-prepared printed films

flexible
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showed high flexibility with Seebeck coefficient, electrical
conductivity, and power factor of 97 + 11 pV K™%, 345 + 88 S
cm™, and 325 + 101 uW m~! K2, respectively. Bae investigated
the effect of nanocarbon material in spray-printed Te-
PEDOT:PSS devices using graphene and carbon nanotubes
(SSWNTs).17® During the ink formulation, Te and PEDOT:PSS
were homogenized with the addition of nanocarbon. In the

Journal Name

presence of 0.3 wt% of SSWNTs, a power factor of 206 pwW
m~! K2 was achieved thanks to the high Seebeck coefficient of
118 pV K1 The SSWNT-mixed Te-PEDOT:PSS devices showed
output power of 126 nW, demonstrating a flexible and
lightweight TE prototype for energy harvesting from the human
body. Additional examples of various printing methods have
been shown in Table 2.

Table 2: Common examples of printing methods and their key characteristics. *The viscosity is the typical range printable for using
nanomaterials and polymers,” 3% in which it may vary depending on the material type and processing design.

Printing methods Template Capabilities/Features Ink viscosity* TE examples
required (mPa = s)
Screen printing Yes High particle load 1000-10000 Sb,Tes'??, Bi,Tes/PEDOT2!
Roll to roll printing Yes High throughput, low  100-2000 PEDOT:PSS'7?
production cost
Spray printing Yes Good for large 50-500 CNT/P3HT!12
devices
Aerosol jet printing No High resolution, 1-1000 Sb,Tes/Te, Bi,Te,7Se0.3103
expanded material
types
Inkjet printing No High accuracy and 1-50 Poly[Cuy(Cu-ett)] /PVDF7
uniformity, high
spatial resolution
Extrusion printing No Easy to print, wide 30-107 Bio.sSby sTes!!?,
viscosity range Te/PEDOTC

4.7.  Post-printing treatment

Many nanomaterial-based inks, including thermoelectric
inks, often contain organic molecules to adjust ink rheology or
mitigate aggregation of the TE colloidal nanoparticles in
solution. The presence of insulating organic stabilizers impedes
the formation of conductive pathways which inevitably lower
the overall thermoelectric properties. Therefore, post-printing
sintering is useful to remove organic additives and consolidate
the TE particles. Upon the removal of the surfactants at
sufficiently high temperatures, the TE nanoparticles are in
direct contact and thus form a percolating pathway, in which
Ostwald ripening of nanoparticles occurs driven by their high
surface energy.

One popular sintering approach is thermal sintering where
printed materials are processed at elevated temperatures.’*
175> However, conventional thermal sintering requires high
temperatures for relatively long durations whereas most of the
cost-effective polymer substrates for printing flexible devices,
such as polyethylene terephthalate (PET), polycarbonate (PC),
or fabrics, have relatively low glass transition temperatures
which are not compatible with traditional thermal sintering.1”>
In addition, thermal sintering, due to its unselective heating,
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limits the further development of all-printed devices from
temperature-sensitive TE materials.
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Figure 9. Various sintering and post-treatment methods. (a)
Schematic illustration of intense pulsed light sintering process
on printed TE films, with insert SEM images of the n-type
Bi,Te, 7Seo s film before and after sintering, scale bar is 500 nm.
Adapted from ref. 103 with permission from Wiley-VCH. (b)
Schematics show the formation of dislocation arrays within the
grain boundaries of BipsSbisTes via a melt-spun and spark
plasma sintering.?’® (c) Schematic of the ultrafast high-
temperature sintering synthesis process of 3D-printed ceramic
component in ~10 s.177 b, c) Adapted from ref. 176 and ref. 177
with permission from AAAS.

The recent sintering innovations have focused on research
areas including high sintering speed, high thermal selectivity,
and compatibility with temperature-sensitive substrates. To
improve the electrical conductivity of printed nanomaterials
while avoiding the destruction of the polymeric substrates,

178-180

various sintering methods, including photonic, plasma,8%

183185 and chemical sintering,'8% 87 have been

182 microwave,
developed. These sintering techniques are more time-efficient,
enabling scalable printing of thermoelectric devices. For
example, Saeidi-Javash et al. demonstrated aerosol jet printing
and photonic sintering of n-type Bi,Te;7Seo3 TE films (Figure
9a).19 The photonic sintering significantly improved the
electrical conductivity of the printed films from non-conductive

to 2.7 x 10* S/m within seconds, which led to a power factor of

Chemical Society Reviews

730 uW mK?2 at room temperature. Recently, there have been
a number of emerging sintering approaches developed for
removing organic components and consolidating the particles
of interest, though not all of these methods are directly used for
sintering printed TE material. However, their design principles
and sintering physics could be valuable for post-printing
treatment of thermoelectric devices. As shown in Figure 9b, Kim
et al. reported the application of spark plasma sintering for
fabricating  ball-milled, and stoichiometric melt-spun
Bio.sSb1sTes TE materials.'’® They applied a simple liquid-phase
compacting process that reduced lattice thermal conductivity to
0.33 W m1K?at 320 K and resulted in an exceptionally high zT
of 1.86. As shown in Figure 9c, Wang et al. introduced an
ultrafast high-temperature sintering process, in which
precursor powder is directly sintered into a dense ceramic
component at a high sintering temperature of up to 3000 °C in
~10 s.Y”7 In this methodology, both pressed pellets and 3D-
printed objects are sandwiched between two Joule-heating
carbon strips that heat the pellets with high heating (~103 to 10*
°C/min) rate through radiation and convection. Although this
method was not directly demonstrated on thermoelectric
materials, it is expected that its ultrafast and high temperature
features may enable the sintering of some TE oxides such as
ZnO. A number of sintered p-type and n-type thermoelectric
materials have been summarized with different printing

methods as well as post-processing conditions in Table 3.

Table 3: Comparison of printed thermoelectric materials with processing methods. *The thermal conductivity data are not always
readily available for printed TE materials, so the focus here is on Seebeck coefficient (S), electrical conductivity (o), and power

factor (PF).

Materials Fabrication Post-treatment S (UV/K) o PF*
(S/cm)  pwW/(m-K?)

P type Sb16BioaTes/Te Screen printing 450 °C, 45 min 204 720 30001
SbaTes Screen printing 500 °C, 30 min 98 1500 1441
BiosSbisTes Extrusion printing 450°C,1h 165 554 1508
SbaTes/epoxy Extrusion printing 250°C,3 h 160 63 160>
ShaTes/Te Aerosol jet printing 400°C, 1 h 198 560 22004
Te/PEDOT Extrusion printing 120-160 °C 115 215 284110
Poly[Cux(Cu-ett)] Inkjet printing 363K,10h 41.0 5.1 0.9
/PVDF
SnSe/PEDOT Drop casting 328K,6h 110 320 39018
CNT/P3HT Spray printing R.T. 97 345 325112
CNT/PANI Drop casting 40-50°C,20 h 61 610 220
Graphene/PANI Drop casting 40 °C 26 814 55190

N type Bi.Tes Screen printing 530 °C, 10 min -141 670 13321

This journal is © The Royal Society of Chemistry 20xx
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Screen printing

Screen printing

Extrusion printing

Drop casting

Inkjet printing

Inkjet printing

Extrusion printing

Aerosol jet printing

Inkjet printing

430°C -126 310 49012
450°C -138 73 138.6 121
250°C, 3 h 157 61 150165
483K, 10 min -42.8 0.4 0.07%
363K,10h -44.9 2.1 0.4197
100 °C, overnight -350 0.16 2108
250/350 °C, 12 h -170 9% 277 1%
Photonic sintering, 1.5s  -163 270 7303
110°C -70 430 21118
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5. Development of conformal/flexible TE devices

Due to the ability to closely interface with uneven surfaces
such as a pipeline or human body, conformable/flexible TE
devices offer unique advantages for innovative applications far
beyond their rigid counterparts. To date, although several
flexible and stretchable TEGs adapted to curved surfaces have
been demonstrated, the development of defect-free self-
standing devices for irregular surfaces remains underexplored.
This section will discuss the principle of conformal and flexible
designs and critically review recent advances in
conformal/flexible fabrication techniques. Although not all
conformal/flexible design strategies are based on
thermoelectric materials, this section strives to cover versatile
design strategies that may be applicable to TE devices.
5.1. Conformal devices

Conformability is the capability of mechanical adaptivity
that can be attached to arbitrary curvilinear surfaces.'3? For
conformal TE devices, studies suggest a significantly larger
temperature gradient within the conformal TE elements and
less parasitic heat loss than non-conformal planar TEGs due to
improved heat transfer at the interfaces.''! The conformability
of a device can be investigated at two levels: 1) for the overall
profile and 2) for small wrinkling. It was suggested that the
interface mechanics and soft adhesion at the interface dictate
the nature of this contact.’®® Figure 10a presents a conformal
contact between a thin silicone and a uneven surface (skins),
indicating that a thinner material system may lead to better
conformal contact on an irregular surface.'®® For example, past
works showed that the critical thickness for skin conformal
contact is ~ 25 um for substrates of elastic moduli <0.1 MPa.3
Further, 2D conformability of stretchable electronics has been
studied with various thicknesses of substrates, coverage areas,
and external loadings.'3? Due to the low bending stiffness,
stretchable devices typically show good conformal contact to a
curved surface. It was suggested that the extent of conformal
coverage increases with decreasing thickness in devices for
uneven surfaces,’®* while the formation of conformal devices
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can be expanded if in situ fabrication (e.g., conformal printing)
is available for building devices based on substrate geometry.

The strategies to integrate devices on complex substrates
(e.g., skin and engine) include direct ink deposition,?
temporary epidermal tattoos,!®> hard—soft integration,'®® and
functional substrates.’®” As shown in Figure 10b, the direct
deposition of ink material by a non-contact printing method
leads to the rapid fabrication of a conformal electronic
device.3 The printing resolution of the direct ink deposition is
normally determined by the size of printing nozzles and the ink
rheology, where these ink/printing parameters can be used for
designing and fabricating conformal electronics and
optoelectronics.’®¥ 152 |n addition, conformal devices can be
obtained by attaching flexible devices onto application-specific
substrates. Inspired by the concept of a temporary tattoo,
conformal electronics leverage flexible polymers to enable good
conformal contact.'®® The fabricated electronic tattoos were
then laminated on the desired object for applications. Various
polymers including polyethylene terephthalate,®® poly(vinyl
alcohol),?%° and water-soluble tapes'®” have been used as
supporting layers for mounting electronic patterns on the
substrates, enabling the development of a number of conformal
sensors and functional devices. As shown in Figure 10c, silver
ink was first printed on an A4-sized PVA substrate, forming
conductive interconnects. Taking advantage of water-soluble
feature of PVA, the authors demonstrated that the printed
patterns can be easily wrapped around random 3D shapes, such
as a 3D-printed model car (Figure 10d).2°* The conformal design
has been investigated in several thermoelectric systems.3% 202-
204 For example, p-type Sb,Tes-Te nanoparticles have been
directly printed on curved surfaces to form conformal TE
patterns and devices (Figure 10e). At a AT of 60 K, the device
demonstrated a maximum power output of 1.15 pW and an
excellent power density of 7.65 mW cm™ (Figure 10f-g), which
can be attributed to the high Seebeck coefficient of Sh,Tes-Te
nanocomposites.

This journal is © The Royal Society of Chemistry 20xx
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Figure 10. Conformal design in printed devices. (a) Different degree of conformal contact between a silicone replica of the surface
of the skin (grey) and various thicknesses of elastomer membrane substrates (blue).® (b) Photograph of a conformal antenna
during the printing process.*? (c) Printed Ag interconnects on removable substrate. (d) Printed Ag interconnects transferred on
3D objects.??! (e) Printed thermoelectric devices that are conformal to curved surfaces. (f) Device power output versus electrical
current. (g) Power density tested at different AT (Inset: photo of the thin-film TE device).!® a, b, e-g) Adapted from ref. 193, ref.
143 and ref. 104 with permission from Wiley-VCH. c-d) Adapted from ref. 201 with permission from ACS.

5.2.  Flexible and stretchable devices
The development of flexible and stretchable devices has
provided a promising solution to meet the increasingly stringent
design constraints of heat sources with complex geometries
(e.g. human body).2%> 2°¢ Figure 11a provides an overview of
materials with different stiffness (elastic modulus).2%”- 298 The
supporting and encapsulating polymers show elastic moduli
close to that of the biological systems, while being significantly
different from electronic materials (e.g. metals). Structural
design of the device layouts and development of assembly
schemes for the active layers are promising strategies to
mitigate the mechanical mismatch between functional
materials and substrates.

The flexibility of a device can be defined as 1/r,, where rp
indicates the minimum bending radius of curvature.?®® The

minimum bending radius depends on material properties (e.g.,
yield stress and Young’s modulus) as well as device thickness.
Thus, a simple strategy to fabricate devices with high flexibility
involves implementing low thickness. As shown in Figure 11b,
the relatively small thickness of the device enables a flexible
transistor to bend around a hair.21° In fact, printing and thin-film
technology allow the fabrication of ultrathin polymers, metals,
and semiconducting materials to produce active electronic
devices of sub-micron thickness. For example, highly bendable
electronics based on silicon?!! were realized as early as 2008.
Past studies have reported approaches to manufacture large-
area devices on ultrathin substrates, thus allowing bending radii
as small as tens of microns.?'% 213 |n addition, a judicious
selection of materials with strong mechanical stability, such as
PEDOT,*> >2 carbon nanotubes?'®and graphene,?'> 216 js
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another important approach for the fabrication of highly
flexible devices.

Encapsulation techniques are an emerging approach to
promote device flexibility and stability, which allows the active
layers positioning at a zero-strain plane.?!” A mechanical neutral
plane (MNP) approach, where stress and strain are zero during
bending, is frequently adopted through placing the brittle
functional thin film close to the MNP (Figure 11c-d).?!® Studies
showed that an MNP design enables field-effect transistors to
survive after 60000 bending cycles due to reduced strain-
induced damage.?!? Likewise, multilayered structures with soft

nical'Societ

Journal Name

interlayers can reduce deleterious interactions among the hard
layers inside devices. MNP can be divided into several planes,
protecting brittle layers at multiple locations during bending
cycles.??° Theoretical works revealed that such splitting of MNP
relies on the thickness of the intermediate layer as well as the
length-to-thickness ratio of the multilayers.?? 222 Finite
element method analyses have been proposed to guide the
device designs when employing MNPs.2%3
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Figure 11. Device design of flexible electronics. (a) Elastic moduli of common materials.?%? (b) SEM image of flexible thin-film
transistors on hairs, showing high flexibility.21° Scale bar: 200 um. (c) Image of a device wrapped on a cylindrical glass support. (d)
Schematic of a sensor on a silicone substrate with mechanical neutral plane (MNP) strategy. (e) Optical image of printable TE inks.
(f) Resistance changes of printed flexible TE films at different bending cycles. (g) Resistance change under different bending
radius.'%3 a) Adapted from ref. 207 with permission from ACS. b-d) Adapted from ref. 210 and ref. 218 with permission from
Springer Nature. e-g) Adapted from ref. 103 with permission from Wiley-VCH.

Printing techniques have provided a facile approach for
fabricating flexible TE devices. For example, studies showed
that non-contact printing approaches can readily convert
thermoelectric inks of Bi,Te,7Seos (Figure 11e) into flexible
devices.'®® Due to the low thickness controlled by printing
processes, the printed thermoelectric devices showed high
mechanical flexibility and stability. As shown in Figure 11f, only
a slight change (4%) in film resistance was seen after 500
bending cycles. Flexibility tests at a number of bending radii
revealed insignificant resistance change (<10%) in electrical
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resistance even at a small bending radius of 1.5 mm (Figure
11g).

Stretchability is another important element for realizing
broad device applications, such as epidermal TE devices. For
instance, an ideal wearable TE device should not only
demonstrate high flexibility that allows them to conform to the
human body but also show stretchability to accommodate
strains during daily motion. Various spring-like structures, such
as mesh and serpentine structures, can be used for fabricating
stretchable devices. A semiconducting network with a
honeycomb mesh structure has been demonstrated on

This journal is © The Royal Society of Chemistry 20xx
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polyimide substrates.??* A great number of mesh-based
structures have enabled stretchability on the device level. For
example, Guo et al. showed a gold nanomesh with no fatigue
after 50,000 stretches to a strain up to 150% (Figure 12a).2%°
Miyamoto et al. demonstrated a stretchable sensor from a
mesh network design, in which on-skin sensors can decrease
the
serpentine designs which help to improve the stretchability of

risk of inflammation.??® Figure 12b-c shows various

devices.1%> 227229 For example, a 3D buckled ribbon structure
offers a promising solution for stretchable semiconductors
(Figure 12c).?3° Remarkably, group
fabricated a deformable and semitransparent display based on

Roger's successfully
microscale inorganic light-emitting diodes.?3! In addition, Figure
12d shows a stretchable “island-bridge” design that connects
conductive traces (bridges) with rigid functional modules
(islands).?32 The conductive bridge provides low effective
stiffness and therefore accommodates the stretching of the
entire device while decreasing strains in rigid modules (such as
rigid TE components).

Packaging electronic components in low-modulus materials
is another approach to form stretchable devices. An ideal
package should minimize possible constraints on the objects
(such as a human body).233235 For this type of stretchable
device, one strategy utilizes a core/shell package where a core
with an ultralow elastic modulus is packaged in a silicone shell,
as shown inFigure 12e.23> As an extreme example, rigid
functional devices can be integrated with liquid-filled packaging
structures to form strain-isolation layers. With appropriate
design and material choice, these approaches may also enable
mechanically robust soft TE devices. For example, Yang et al.
fabricated stretchable thermoelectric devices by integrating TE
arrays and serpentine interconnects (Figure 12f). In this type of
stretchable TEG (S-TEG), rigid Sb,Tes and Bi,Tesz are used as p-
type and n-type materials, respectively. By integrating 50 pairs
of TE elements in stretchable silicone encapsulation, the device
demonstrated an output power of 0.15 mW/cm?at a
temperature difference of 19 K.
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Figure 12. Device design of stretchable devices. (a) A stretchable
gold electrode with a nanomesh structure.??> Scale bars: 1 um.
(b) Si ribbon fully bonded on PDMS substrates. Reproduced with
permission.??® (c) Si ribbon partially bonded on a PDMS
substrate.?3° Scale bars: 100 um. (d) Island-bridge stretchable
electronics with serpentine interconnects.?32 (e) Cross-sectional
schematic of a core—shell package for strain isolation of
electronic devices (left) and a liquid-filled cavity package for
(right).27 235 (f)
Stretchable thermoelectric devices by integrating TE arrays and

strain-isolation of electronic devices

serpentine interconnects, leading to a high-performance
wearable TEG.23¢ 3) Adapted from ref. 225 with permission from
ACS. b) Adapted from ref. 229 with permission from AAAS. c)
Adapted from ref. 230 with permission from Springer Nature. d)
Adapted from ref. 232 with permission from National Academy
of Sciences. e) Adapted from ref. 207, 235 with permission from

Wiley-VCH. f) Adapted from ref. 236 with permission from ACS.

6. Device applications

The principles of the thermoelectric phenomenon including
the direct conversion of thermal energy into electricity (Seebeck
effect) or inversely from electrical current into heat flow (Peltier
effect) have led to research breakthroughs in the development
of thermoelectric devices. Up to date, a wide range of
thermoelectric devices have been designed and developed
ranging from energy harvesting to thermal management. In this
section, we review the state-of-art development of TE devices
for mainly energy and thermal applications, consisting of TE-
based energy devices (waste heat recovery, wearable
electronics, and energy harvesting from solar and nuclear
sources) and thermal devices (such as TE cooler and
temperature sensing).
6.1. Energy harvesting devices

A thermoelectric generator is a device that harnesses
thermal energy and converts it into electricity. Unlike traditional
heat engines in which the working fluid provides conversion of
thermal energy to kinetic energy, a typical TEG utilizes charge
carriers as the “working fluid” to directly convert heat into
electricity without moving parts. Recently, the TEG has emerged
as a “zero-emission” and reliable power source which is able to
meet various power requirements.?3”- 238 Flexible, low-cost and
reliable TEG systems are an attractive alternative for replacing
batteries in various applications.?3%241
6.1.1 Waste heat recovery

Waste heat is defined as thermal energy generated as a side
product without actual utility in the energy systems. For
example, the efficiency of most combustion engines is less than
30% because of the excessive waste heat generated in the
entire system.?*? 243 To increase the efficiency of the overall
system, the waste heat should be harvested by thermoelectric
devices to produce electricity. Generating electrical power by
recovering low-grade waste heat at temperatures < 413 K
represents a significant market for TEGs. For a typical
automobile, the temperature of exhaust gas can be as high as
1073 K after combustion and remains above 500 K even in the
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downstream areas,?** 2% providing the heat source for
thermoelectric devices in the intermediate to high-temperature
range. As shown in Figure 13a, Zhang et al. demonstrated a
high-performance 1 kW TE system for automotive waste heat
recovery.?*® The authors used nanostructured TE materials to
fabricate devices with the power density of 5.26 Wcm™2at a
temperature difference of 500 K. That TEG system was a proof-
of-concept prototype harvesting the exhaust waste heat of a
diesel engine where a heat-to-electricity efficiency of 2.1% was
demonstrated. As another example, a flexible planar TEG was
demonstrated and can extract heat from industrial heat pipes
to power a wireless sensor network.?*” TE devices of 420 Ag/Ni
thermocouples were fabricated on flexible substrates using
screen printing so that the device can adapt to the cylindrical
form of the pipe. The TEG demonstrated an output power of
308 uW at a temperature difference of 127 K. Similar to screen
printing, extrusion-based dispenser printing was also employed
to fabricate flexible thermoelectric generators for use on low
levels of waste heat.?*® The TE elements need to be printed with
optimal thickness and thermal resistance to sustain a large
temperature gradient across the TE devices.

For an exhaust TEG, a conformal contact between TE
elements and heat sources is essential to maximize the heat

the
fabrication

transfer and improve overall heat-to-electricity

approaches limit the
development of conformal devices with sophisticated 3D

efficiency. Conventional

designs. State-of-the-art, non-contact printing is an effective
approach to realize conformal fabrication. Recently, printing
devices based on heat source geometry (such as conformal
deposition of TE ink on a hemisphere?*°) have been increasingly
investigated to promote effective heat transfer. Alternatively,
flexible TE devices, such as thin-film TEG,?°° can be attached to
the heat source conformally to promote heat transfer. For
example, a prototype TEG device is demonstrated with 525
screen-printed Ag-Ni junctions (Figure 13b).2>! With a Seebeck
coefficient of 8.6 uV/°C, the open-circuit voltage for the entire
device was 741 mV at a temperature difference of 165 K, and
the power generated with matching load resistance was 0.28
mW, demonstrating potential market opportunity in industrial
pipe energy harvesting.
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Figure 13. Examples of TE-based heat harvesting devices. (a)
Schematic illustration of a 1kW TE system for waste heat
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harvesting from cars.?*® Adapted from ref. 246 with permission
from Elsevier. (b) Infrared camera image of printed conformal
TE devices on heat pipes. The inset shows the optical image of
TE prototypes.?>! Adapted from ref. 251 with permission from
TechConnect Publishing. (c) TEG-powered wearable pulse
oximeter.252 Adapted from ref. 252 with permission from AIP
Publishing. (d) A photo of the flexible TEG product.?>3 Adapted
from ref. 253 with permission from ACS. (e) Working principle
of a printed STEG under solar radiation with the inset of TE
legs.16! Adapted from ref. 161 with permission from Elsevier.

6.1.2 Energy harvesting from the human body

TE-based energy harvesting from the human body can be
particularly important for wearable and biomedical devices.?>*
To circumvent complex wiring for power supply or battery
charging, implantable TEGs are considered suitable power
alternatives for implantable medical devices.?>?> For example,
implantable medical devices and wearable biomedical devices
would all benefit from a self-powering feature. The electrical
power required by implantable/wearable devices can be as low
as sub-milliwatts,?>> which is achievable by integrating TEGs in
those devices. These integrated TEGs utilize the heat source
either from the body or the skin surface, and several positions
to integrate a wearable TEG to the human body were
investigated using the temperature difference between the skin
surface and the ambient temperature, such as upper arm, wrist,
chest, an office-style shirt, or a bicycle helmet.?5% 236, 257
However, constructing wearable TEGs faces a few challenges
primarily because of the low zT values of thermoelectric
materials that are compatible with biomedical applications?3
and the small temperature gradient across the active layer in
the TEG device.?*® In addition, a lightweight and comfortable
TEG construction, including the heat exchanger, is typically
required. All these constraints significantly affect the output
power of the integrated TEGs. To address the issues of poor
flexibility and heavyweight, the printing of lightweight carbon
nanotubes has been proposed to fabricate wearable organic
thermoelectric generators.?>® The authors demonstrated p-type
and n-type films with excellent flexibility and good chemical
stability at 200 °C in air.

To further improve the overall performance of these
implantable/wearable devices, significant efforts have focused
on increasing the power density and also reducing the size of
the TEGs.!l: 256, 260263 peyelopments of highly efficient TE
materials and state-of-the-art manufacturing technologies have
greatly advanced applications of implantable and wearable
devices with miniaturized TEGs integrated as the power
source.?%4267 As shown in Figure 13c, a body heat-powered TEG
pulse oximeter
demonstrated.?>? For implantable TEGs, biocompatibility and
low toxicity are required for the materials or coating on the
device. A biocompatible and thermally conductive membrane
was applied on the surface of the device to increase the
biocompatibility.?>> In addition to implantable devices,
wearable devices can also benefit from TEG as a durable power
supply without recharging batteries. In order to be used in
wearable devices, the flexibility of the materials and devices is

medical device and a wireless were
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necessary. The processability of the material of choice is also
critical for integration into wearable devices. To achieve this, TE
materials should be printed as films or assembled as arrays on
flexible substrates.'?? Figure 13d shows a flexible TE device with
72 thermoelectric modules, which lead to a power output
density of 4.78 mW cm™2and 20.8 mW g™ in a temperature
difference of 25 K.23

Conductive polymers have been widely used in biomedical
devices. In recent years, tremendous work has been done to
improve the conductivity of conjugated polymers and power
factors for various wearable applications.?%8273 The polymer
nature of conductive polymers with intrinsic low k, lightweight,
good flexibility, and mechanical compliance makes them easy to
be assembled, printed, or coated for TE device fabrications.?”*
275 As discussed in the previous section, PEDOT:PSS has been
intensively studied as a promising TE material.?’ Its outstanding
high o, low k, good thermal/chemical stability, ease of
processing, and relatively high zT 277 make it and its composites
good candidates for flexible TEGs in biomedical applications. To
further improve the TE performance of such polymer TEGs,
carbon  nanotubes or tellurium nanowires can  be
incorporated.'?® To introduce more mechanical functionality,
such as stretchability, other rubber polymers can be introduced
to the conductive polymer system.?’ By combining the
discovery of the new material with modulation architecture
design,>® 27° breakthroughs in implantable/wearable TE
devices will likely be seen in the coming decades.
6.1.3 Energy harvesting from solar and nuclear sources

Solar thermoelectric generator (STEG) systems are TE
devices that can supply energy from light/ solar irradiation. In
general, the infrared range of the solar spectrum that provides
energy for STEG is typically not useful for photovoltaics. STEGs
have been studied to harvest thermal energy directly from
sunlight, and these pioneering works have shown great
potential in STEG as a promising sustainable alternative for
energy supply.?8% 281 For example, a flat-panel STEG with an
efficiency of 4.6%, reported in Kraemer and co-workers’ work,
shows a decent improvement compared to past flat-panel
STEGs.?®! In addition, a 3D printed concentrating STEG structure
can be designed and assembled for different sun exposure
conditions.?®?  Despite these advancements, practical
applications of STEGs still demand further improvement in the
efficiency. Similar to photovoltaic cells, the light/energy
absorption is one of the most important parameters for
enhancing the power conversion efficiency, and thus the use of
efficient wavelength-selective solar heat collectors and solar
concentrators help further improve the device performance.!?3
A solar concentrator in STEGs benefits from concentrating solar
radiation efficiently to the devices from a large illuminated area,
which leads to a high-temperature difference between the hot
and cold sides of the TEG.%®% 284 Apart from that, computer
simulation and modelling is another research focus to increase
the efficiency for STEGs. A modelling work reported by
Baranowski et al. has shown an efficiency of 15.9% for a well-
designed concentrated STEG with thermoelectric materials
of zT =1, with a T, = 1000 °C and an incident flux of 100 kW
m~2.283 With the TE materials that exhibit zT value as high as 2,
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the efficiency can
approximately 30%.

Another advancement in STEGs is based on the combination
of photovoltaic (PV) cells and TEG devices.?8>28 Due to the
radiative (also known as Shockley—Queisser limit) and non-
radiative recombination of the photogenerated charge carriers,

reach an exceedingly high value of

only a small portion of solar energy was transformed into
electric energy. There is still a considerable amount of waste
heat that can be harnessed. It has been shown that by using a
spectral beam splitter,?°° STEGs that are integrated with PV
devices could remarkably increase the overall efficiency of the
system, which might lead to the development of high-efficiency
PV/STEG power plants. Figure 13e presents a printed STEG that
includes 10 pairs of p-n thermoelectric legs, demonstrating an
open
4.44 nW.1%! By applying a solar absorber on the hot end, the

circuit voltage of 55mV and output power of

STEG reached a AT value as high as 20.9 K, overcoming the
challenge of low AT faced by conventional wearable TEGs.

In addition to solar energy, thermoelectric devices can also
radioisotope energy, as used in aradioisotope
generator (RTG).>® RTGs array
of thermocouples to convert the energy (heat) released by a

harvest
thermoelectric use an
radioactive material through its decay into electricity. Owing to
several advantages including low maintenance and high energy
density, general applications of RTGs include work in extreme
environments, such as undersea (deep ocean) or space.??? 2% Ag
294 3 typical
RTG includes a radioisotope heat source, a radiation shielding
layer, and an array of thermoelectric modules. The heat source
of RTGs supplies a steady heat flow that can be converted into
electricity by the TEG. Several printing techniques, such as
screen printing, have been demonstrated to rapidly prototype
different RTGs.10 295 2% pye to the well-controlled device
geometry via printing, miniaturized radioisotope thermoelectric
generators can be readily fabricated.’® With a 1.5 W isotope
heat source, the printed device demonstrates an open-circuit
voltage of 68.4 mV, a short-circuit current of 0.329 mA, and a
maximum output power of 5.8 uyW at 39.2 mV. Despite the
relatively fewer studies done on printed RTG, it is expected that
the conformal and well-designed TE modules enabled by
printing techniques, along with the use of the printable high-zT
materials, can lead to improved efficiency and power density of
RTGs for applications in extreme environments.
6.2. Temperature control and sensing
6.2.1 Thermal management and temperature control
Strategies that are based on the Seebeck effect and Peltier
effect have led to device innovations in temperature
sensing/control.123297-2%9 |n fact, the Peltier effect of TE devices
has been investigated extensively for thermal management and
temperature control.39% 301 yUnlike conventional fluid-based
temperature systems, TE-based temperature
controllers use electrical current as the heat carrier.302 A
number of TE-based temperature control systems have been
demonstrated including microclimate cooling systems, indoor
air coolers, and wearable cooling devices.3%3311 For example, 3D
printing of nanostructured TE materials has been used to
fabricate p-type Bio.4SbigTes for TE-based cooling modules.31?

an example of a long-lifespan power source,

control
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Owing to the high zT of printed Bip4Sbi gTes (maximum zT =1.1),
the fabricated devices demonstrated a decent cooling
performance with the maximum cooling temperature
difference of 62 K. As another example, Kim et al. developed a
high-performance cooling device by creating a temperature
difference of 81 K with T, = 300 K, representing an excellent
thermal management ability.2”® As shown in Figure 14a, Hong
et al. reported a wearable TE device with a high coefficient of
performance (COP > 1.5).313 The authors found it can achieve
>10 °C cooling effect with high flexibility, which can be
attributed to the use of double elastomer layers and high-zT
rigid TE pillars.3:3 A detailed analyses of IR image showing a
residual cooling effect even after removing the TE devices
(Figure 14b-c). In addition, the authors also demonstrated the
TE device mobility by combining flexible power sources to
produce an all-flexible personalized temperature controller
where the power coin cell batteries are embedded into an
Ecoflex matrix for power supply (Figure 14d). By using the
transient pulse, a temporary
enhancement of TE cooling can be achieved.3!* Such “super-

response of a current
cooling” effect is able to deliver a large temperature drop
temporarily and can be useful for some applications where fast
cooling is important.31> 316 |n the future, efforts will be focused
on further improving the efficiency of TE devices and developing
materials and fabrication techniques to reduce the cost,
enabling broader applications for TE thermal management.

After removal

Residual
cooling

Mesh fab\ric
B

Tskm

1 tinees

3

Figure 14. Examples of TE-based based thermal management
and temperature control. (a) Examples of thermoregulation on
human skin. (b-c) IR image of the conformal thermoelectric
devices (TED, hot side) during cooling (b) as well as after
removing TE devices (c). (d) An all-flexible thermoregulation
device. (e) Screen-printed conformal temperature sensors on
aluminum oxide (left) and steel substrates (right).3'7 a-d)
Adapted from ref. 313 with permission from AAAS. e) Adapted
from ref. 317 with permission from AMA Science.

Another emerging application of TE cooling is fresh water
harvesting directly from humid air and moist steam from
unusable water via condensation.31®321 Based on Peltier
coolers, efficient fresh water collection can be accomplished.
Peltier coolers can generate a dramatic temperature drop
below ambient temperature, which make it feasible to use TE
materials to collect fresh water from air. In addition, solar cells
can be integrated in such systems to supply power and thus can

20 | J. Name., 2012, 00, 1-3

enable sustainable solar-driven water collection without the
need for an external power supply. It was reported that a highly
integrated condensation system can supply up to 1 L of
freshwater per hour in a high humidity area.3?? For low-
humidity regions, one possible water collection strategy is to
take advantage of the moisture from plants. A prototype of a
solar-driven TE water condensation system323was able to
harvest 10 mL of water in 3 h in the morning. Given the rapid
growth of global population with high water demand, a future
focus would be the highly scalable additive manufacturing
techniques that provide high efficiency and low-cost TE cooling
systems for water condensation.

6.2.2 Temperature sensors and other devices

Temperature sensing is based on the simple Seebeck effect
of thermoelectric materials, in which an output voltage is
generated by a AT in a circuit of two different electrical
conductors.3%° As a result, the temperature and temperature
change can be monitored by measuring the generated voltage
Main categories of TE-based
temperature sensors include traditional metal thermocouples,
bulk thin-film
thermocouples. Currently, bulk semiconductors and thin-film

from the thermocouples.

semiconductor thermocouples, and
thermocouples have been widely studied and used in several
advanced fields as they are energetically efficient, vibration-
free, operable under a large temperature range, and highly
sensitive.32432° As shown in Figure 14e, an array of screen-
printed TE modules have been demonstrated for 3D conformal
temperature detection, which can be particularly useful for
temperature sensing on the surface and inside of these
automotive parts.3” Due to their reliability with minimal
maintenance, thermoelectric devices can also be used for
infrared radiation detection, fire alarm systems, and multi-
sensing applications.33%-333  |n  addition, thermoelectric
temperature sensors are self-powered and usually dual-
functional, which may enable power generation and
temperature sensing simultaneously in the presence of stable
heat sources.334-336

In comparison with conventional bulk thermocouples,
micro-sized thin-film thermocouples have fast response and
high sensitivity because of their low thermal mass.33” These
unique properties of thin-film TE sensors make them powerful
components in many emerging areas. For instance, a novel
atomic force microscope can be developed using the
microfabricated silicon tips and a heating element where the tip
can serve as a manipulation and imaging tool for potential
applications in thermomechanical writing and thermoelectric
sensing.33% 339 Furthermore, metal oxide TE sensors have been
developed with extremely high-temperature tolerance (up to
1600 K).34° As the performance of TE temperature sensors is
highly dependent on the properties of TE materials, rational
design and cutting edge fabrication techniques of high-
performance TE materials can be employed to develop TE
sensors with broader applications.

Based on the temperature sensing properties, various
multifunctional sensing devices have been demonstrated. For
example, gas sensing can be achieved by detecting heat signals

This journal is © The Royal Society of Chemistry 20xx
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from catalytic reactions while applying TE principles in such
detection enables real-time gas sensing.3*' In 2001, Shin et
al. designed a thick film NiO-based H; sensor, where Pt acts as a
catalyst reacting with H, and releasing heat.3*! The generated
heat creates a hot region for the TE active layer to generate
voltage that can be recorded and analyzed to indicate the H,
level. In addition to hydrogen gas, other gas detection has also
isopropanol
vapor.3*2 Combined with a calorimetric method, Park et al.

been investigated, including ethanol and
reported a thermoelectric gas sensor that is able to not only
detect CHg4, but also differentiates a mixture of CHsand H; with
high resolution in the concentration range 200-2000 ppm. Pt/a-
catalyst that

H, combustion. These thermoelectric gas sensors showed both

Al,03 was used as a facilitates
temperature- and gas concentration-dependent responses to
H,, CH4, and the mixed gases with a wide temperature range of
100-400 °Cin air, indicating a promising low-cost alternative for
gas detection with a short response time.
7. Conclusion and Future Perspectives

Printing processes offer several major advantages over
conventional device fabrication methods. First of all, printing
methods are highly scalable to fabricate both film-based
microscale devices for small-scale energy harvesting and
cooling applications and three-dimensional macroscale devices
for large-scale waste heat recovery applications. Secondly,
printing processes are applicable to a broad range of materials,
including both organic and inorganic, and hybrid composite
materials. Thirdly, printing methods are adaptable to deposit
devices on 2D flexible and 3D curved substrates, enabling direct
device integration onto surfaces and components for end-use
applications. Future research directions that leverage
advancements in nanostructured materials and emerging
additive manufacturing methods should be prioritized.

To realize large-scale application and
commercialization of printed TE materials, a comprehensive
understanding and systematic optimization of thermoelectric
inks, printing methods, and device applications should be
meticulously considered. In the area of thermoelectric ink
synthesis and formulation, tremendous research opportunities
exist in designing nanoparticles with optimized surface
chemistry tailored for scalable and controllable printing
processes. In order to realize scalable and low-cost printing at
ambient conditions, the nanoparticles need to have excellent
chemical and colloidal stability to retain and translate their
superior properties from nanoscale to macroscale. The
ingredients (e.g., solvents, surfactants, and binders) are crucial
elements in ink formulation that directly determines the quality
of inks (e.g., colloidal stability and chemical stability). Therefore,
innovative ink formulations that not only provide excellent
processability and stability, but also are able to control and
engineer energy carrier (e.g. electron and phonon) transport
properties on-demand are essential for developing next-
generation, high-performance TE devices. For example,
composition-matched molecular binders (e.g.,
chalcogenidometallates) were recently developed and used to
improve device performance in photovoltaics and
thermoelectrics.343 Similarly, composition-matched

mass
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nanosurfactants that can greatly reduce the interfacial tension
and optimize the overall functionalities of the printed devices
have been developed to replace conventional surfactants in
printing processes.'*3 These emerging approaches could lead to
the development of highly functional inks, and therefore more
works need to be done on this aspect.

In the area of device design, printing and applications, even
developing
advanced device design and printing methodologies to improve

broader research opportunities emerge for
the performance and cost ratio of printed devices. The ability of
the printing process to fabricate complex structures provides
opportunities to innovate thermoelectric device design and
achieve optimal form factors for their system applications. For
example, microscale printing and device patterning of
judiciously designed TE inks have been demonstrated for
promising applications
management in integrated systems.34* On the other hand, the

in energy harvesting and thermal

majority of printed thermoelectric materials still have inferior
figure of merit compared with the best reported counterparts
made by conventional methods mainly due to reduced charge
carrier mobility. The printing processes often result in undesired
defects (e.g., excessive porosity) which hinders charge carrier
transport. In order to further improve the charge carrier
transport of printed devices, methods that can control the
orientation, packing, and interfaces of printed nanoparticles are
highly desirable. For example, the appropriate design of sheath
force in extrusion printing can promote particle alignment in the
printed composite 345 post-printing
processes also need to be developed in order to not only
remove undesired ink additive/residues but also effectively
sinter the printed particles with minimal porosity. To realize
printed devices with competitive/superior performances, it is of
utmost importance to establish a fundamental processing-
structure-property relationship and develop closed-loop
control of the printing processes. To that end, future research
on advanced process monitoring and control processes, high-
throughput and in-situ characterization methods, and data-
driven computational techniques are needed to automatically
optimize and control the printing processes to achieve desired
microstructure and materials properties.

The success of realizing broad impacts of thermoelectrics
relies upon a balanced and holistic investment in improving
materials performance and advancing device design and
manufacturing processes. While a great deal of progress has
been accomplished in zT enhancement, it becomes more
imperative to advance the material synthesis and device
manufacturing processes in order to make thermoelectrics a
competitive and commercially viable technology for a broad
spectrum of waste heat recovery, energy harvesting and cooling
applications. Scalable and efficient ink-based additive
manufacturing technologies can significantly contribute to this
endeavour, while at the same time providing fundamental
insights in the processing-structure-property relationship of
thermoelectric materials and systems. Owing to its highly
multidisciplinary nature involving chemistry, physics, and
material science, the ink-based printing processes in this review
provide a versatile platform to transform a broad range of

materials. Innovative
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material building blocks into functional devices, and thus will
benefit a diverse set of emerging technologies, including
printed electronics and sensors, energy conversion and storage
systems, etc.
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