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TOPICAL REVIEW — Organic and hybrid thermoelectrics
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The thermoelectric (TE) materials and corresponding TE devices can achieve direct heat-to-electricity conversion,
thus have wide applications in heat energy harvesting (power generator), wearable electronics and local cooling. In recent
years, aerogel-based TE materials have received considerable attention and have made remarkable progress because of
their unique structural, electrical and thermal properties. In this review, the recent progress in both organic, inorganic,
and composite/hybrid TE aerogels is systematically summarized, including the main constituents, preparation method, TE
performance, as well as factors affecting the TE performance and the corresponding mechanism. Moreover, two typical
aerogel-based TE devices/generators are compared and analyzed in terms of assembly modes and output performance.
Finally, the present challenges and some tentative suggestions for future research prospects are provided in conclusion.

Keywords: thermoelectric materials, thermoelectric device, aerogel, thermoelectric performance

PACS: 79.10.—n, 72.15.Jf, 84.60.Rb

1. Introduction

Thermoelectric (TE) materials and corresponding TE de-
vices that can directly achieve the heat-to-electricity conver-
sion are attracting tremendous interests as a next-generation
power generator and a promising power source for various ex-
ternal powered electronics.!!'=* The TE devices exhibit some
unique merits over other energy devices, such as no vibration,
no liquid/gas emission, no noise, easy maintenance and long
operating lifetime. > To evaluate the TE performance of ma-
terials, a dimensionless figure of merit ZT (ZT = SZGT/ K,
where S is the Seebeck coefficient that derived from the gener-
ated thermovoltage (AV) when a temperature difference (AT)
is applied to the material, o and x are the electrical con-
ductivity and thermal conductivity, respectively, and T is
the absolute temperature) is usually adopted. Moreover, for
some organic TE materials and their composites, power fac-
tor (PF = S?0) is directly applied to evaluate their TE perfor-
mance owing to the intrinsic low k of their organic polymer
constituents. 37?1 Therefore, to achieve a desired ZT value, a
high o, a large S and a low k should be obtained simultane-
ously. However, there is a strong trade-off among these three
parameters, resulting in difficulties to simultaneously improve
them. [>7]

Conventional inorganic TE materials, emerging organic
TE materials, and the composite/hybrid TE materials have re-
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ceived extensive attentions due to their respective merits. >8]

Among them, inorganic TE materials such as BiyTes, SbyTes
and PbTe reveal relatively high ZT values because of
their large S, resulting in their great potential in practical

s.[810-121 However, their high cost, toxicity, poor

application
processability, scare resources, together with the intrinsic
rigidity seriously keep them from wide application.*”! Mean-
while, despite the lower ZT values, organic TE materials,
particularly conjugated conducting polymers, can circumvent
these difficulties because of their various advantages of low
cost, rich resources, easy synthesis, intrinsic low k, good
solution-processability and adjustable molecular structure,
making them highly competitive candidates for a new gen-
eration of TE materials.[%!3-13] Moreover, composite/hybrid
TE materials including pure inorganic TE composites,!'®! pure

S[17.18]

organic TE composite as well as organic/inorganic TE

composites, 71919231 where the inorganic constituents mainly

s,15241 carbon

include inorganic semiconductor TE material
nanoparticles!>~2" and some metal nanoparticles,?®-3°! and
the organic constituents are mainly those conducting polymers
and some insulating polymers (polyurethane,*! polyvinyl

31321 polycarbonate, 33! etc), have been developed.

alcohol, !
Such combination is intended to further enhance TE properties
(high o and S, low x), to improve flexibility (stretching, bend-

ing, folding, compressing) and/or to endow them with other
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functions (magnetism, responsiveness, etc).[1’4’8]

However, these TE materials mainly exist in the form of
films or solid bulks,!!:*19 limiting their applications as elas-
tic and compression-driven response TE materials. Aerogel,
a three-dimensional (3D) porous material with a large surface
area and a high porosity, has shown successfully applications
in electronic devices (sensor, electrode), energy storage, catal-

34361 Considering the ad-

ysis, heat insulator, and detectors.!
vantage of ultralow « that originates from their high void vol-
ume (high porosity), aerogel-based TE materials can be opti-
mized simultaneously in structure and TE performance.37-3!
In the last few years, the construction of TE aerogels with
unique structural, electrical and thermal properties based on
the above organic, inorganic and composite/hybrid TE mate-
rials has been extensively studied. Unfortunately, although
aerogel-based TE materials have made remarkable achieve-
ments and become a novel research topic in TE materials, we
note that there has been no review of TE aerogels so far, espe-
cially compared with various reviews reported on advances in
films or solid bulk materials of TE materials. [>8-3%40]

In this review, we focus on the introduction of the recent
progress of organic, inorganic and their composite/hybrid TE
aerogels, including the main constituents, preparation method,
TE performance, as well as factors affecting the TE perfor-
mance and the corresponding mechanism. Subsequently, some
representative aerogel-based TE devices/generators including
their assembly mode and TE output performance analysis are
presented. Finally, a brief conclusion and prospects for this
emerging field are provided.

2. Research progress of organic, inorganic and
hybrid TE aerogels
It is well known that organic polymers possess extremely
low k, demonstrating their promising application in TEs.[3:14]
Meanwhile, carbon nanoparticles are usually used as fillers
in organic polymer matrix to endow the resultant composites
with both optimized TE performance and excellent mechanical

property (flexibility, stretchability and compressibility). %3]

2141 with large S

Besides, some inorganic semiconductors!
and metal particles”®>° with intrinsically high ¢ are also
employed to improve the TE properties of organic polymers.
Herein, we will introduce and discuss the recent advances of

organic, inorganic and some hybrid/composite TE aerogels.

2.1. Organic TE aerogels

Various conjugated conducting polymers have been
widely studied in fields of solar cells, capacitors, sensors,
electrodes as well as thermoelectrics.[>***! Among them,
poly(3.,4-ethylenedioxythiophene): poly(4-styrenesulfonate)
(PEDOT:PSS) exhibits unique advantages in achieving effi-
cient TE energy conversion owing to its adjustable o, solution

processing ability and good environmental stability.[*> To fur-
ther improve its TE properties, some organic solvents (ethy-
lene glycol (EG), dimethyl sulfoxide (DMSO), methanol) are
usually used as de-doping/doping agents by removing some
insulating PSS, changing the conformation of the polymer
chains from coil to linear, increasing carriers concentration,

[44.46] Combing the excel-

tuning carriers transportation, etc.
lent TE performance of conducting polymers with the desired
mechanical structure of aerogel, the conducting polymer based
aerogels are highly promising candidates to construct practi-
cally soft/elastic/ultralight TE devices.!3>47*° The TE prop-
erties of some typical organic TE aerogels are summarized in
Table 1.

For instance, Urban et al. reported for the first time
a pure PEDOT:PSS TE aerogel prepared without additional
crosslinking agents via a facile freeze-drying and followed by
EG treatment approach.!*’! In detail, it includes three main
steps: PEDOT:PSS thick film, rehydrate and freeze-drying,
as shown in Fig. 1(a). For their TE performance, consistent
with previous reports on PEDOT:PSS films, the aerogel re-
vealed an obviously enhanced ¢ originating from the emer-
gence of large-scale PEDOT-rich domains on the surface by
removing part of PSS. ) In contrast, the PEDOT:PSS aero-
gel presented unchanged S after EG treatment, which was at-
tributed to the structural change of polymer network instead
of the change of carriers concentration. Unexpectedly, the
TE property of the prepared aerogel was insensitive to the
macroscale geometry of the polymeric material, which means
the aerogel had the same PF as the film sample. Subsequently,
Jiang et al. studied TE properties of PEDOT:PSS aerogel films
pretreated with various organic solvents, where they found a
porous network and a conformation transition (benzoid type
to quinoid type) of PEDOT:PSS after NMP addition, which
resulted in a large PF of 1.24 uW-m~!.K=2.133 To allevi-
ate the shrinkage problems caused by pre- or post-treatment
of PEDOT:PSS aerogels, Shimomura et al. adopted a sec-
ond doping in supercritical CO, (ScCO;) atmosphere with
methanol to the freeze-dried aerogels, and the results showed
an obviously improved o and S.1*3! Besides PEDOT:PSS, they
conducted the TE aerogel pioneer work of the incorporation
of poly(3-hexylthiophene) (P3HT) conducting nanofibers with
polystyrene (PS).[*” In detail, the P3HT/PS composite aero-
gels were prepared according to a three-step method, which
involved the formation of P3HT nanofibers dispersions in PS
and p-xylene solutions, freeze-drying and the subsequent dop-
ing with iodine vapor, as shown in Fig. 1(b). Resultantly, the
composite aerogels achieved a giant S > 10 mV-K~! that at-
tributed to the unique structure consisting of a thin PS sheet
embedded with entangled P3HT nanofibers and the effect of
energy filtering. However, this composite aerogels revealed
alow o of 8 x 107> S-cm™!, thus generating a ZT value of
7x 1073
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Table 1. The summary of TE performances for organic aerogels.

Constituent (solvent treatment) k(Wm LK) SuvK!) o@Scem!) PFuWmK?) zZT Ref.
PEDOT:PSS aerogel (EG) - ~ 19 ~ 190 6.86 - [47]
PEDOT:PSS-H, 0 aerogel film (DMSO) K 0.14 28 0.5 0.04 - [35]
PEDOT:PSS-NMP aerogel film KHO. 14 18.8 35 1.24 - [35]
PEDOT:PSS aerogel 0.03 13 2.06x 1074 3.47x107° 3.54x 1078 [48]
PEDOT:PSS aerogel (methanol) 0.2 17 2.35 0.07 9x 1074 [48]
P3HT/PS (iodine vapour) 0.03 > 1x10* 8 x 1072 0.68 7x 1073 [49]
(a)
PEDOT:PSS
Thick Film
Y R’ehzdratea Delaminate ~
=500 pm ——> —— — é ——
Cast Glass Substrate
Freeze

9
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(b)
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Fig. 1. (a) Schematic illustration of the preparation process of PEDOT:PSS thick films and aerogels. Reproduced with permission.!*”] Copyright
2016, John Wiley and Sons. (b) Schematic synthesis of freeze-dried P3HT nanofiber/PS aerogels. Reproduced with permission. [**! Copyright 2020,

American Chemical Society.
2.2. Inorganic TE aerogels

Traditional TE materials are mainly based on inor-
ganic semiconductors and their alloys, such as BirTes, PbTe,
Sb,Tes, etc.l!24] Considering the attractive structural features
of aerogel, the construction of inorganic TE material based
aerogel is expected to further improve its TE performance.
For instance, Brock ef al. reported two kinds of aerogels,
Bi; Te; and Bi,Sb,_, Tes, prepared by discrete thiolate-capped
nanoparticles with a sol-gel methodology, and followed by
ScCO, drying process.>!! Figure 2 shows the image of Bi, Te3
aerogel, wet gel, and sol. The resulting aerogels showed a

unique 3D porous network and a significantly enhanced sur-
face area (Fig. 2). Unexpectedly, their PF were reduced with
respect to the corresponding bulk materials. The authors at-
tributed such reduction to the transition between two types of
majority carries (electrons and holes) in Bi;Tes aerogels and
the presence of excess Te in the Bi,Sby_,Tes aerogels. For
their lattice k, BiTes aerogel revealed a reduced value, while
the Bi,Sb,_,Te; aerogel exhibited a similar value, as com-
pared to their respective nanoparticles. Therefore, optimizing
the carrier concentration of the aerogels is needed to further

improve their TE performance.

3100 E ___BizTes aerogel
c 80
3
£ 601
& 404
@\ ﬁ" 2 2] ko
€
FRC TR TIR
T 20 30 40 50 60 70
20 (degrees)
2100 —BixSby.xTey aerogels
T [* * denotes Si peaks from
5 804 standard
Thiolate capped £ 604
nanoparticles dispersed > 404 L
in acetone (sol) 2 20 R
o
2 of 1 Yl

Wet Gel

'y
[

Aerogel

20 30 40 50 60 70
20 (degrees)

Fig. 2. Image photos of BipTes aerogel, wet gel, and sol. The morphology and structure characterization of the prepared BirTes and Bi,Sby_,Tes

aerogel. Reproduced with permission. ]

Copyright 2012, American Chemical Society.
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Besides inorganic TE materials, carbon nanoparticles-
based (carbon nanotubes (CNTs), graphene, reduced graphene
oxide (rGO), graphene oxide (GO)) materials have been
widely studied in various areas of bioelectronics, catal-
ysis, electrodes, sensors, energy storage as well as
thermoelectronics.>~?! Considering the relatively high x of
carbon nanoparticles, the construction of 3D aerogels can ef-
fectively increase the porosity and thus reduce their k, and this
favorable effect will facilitate the TE energy conversion. For
instance, Chen et al. adopted a chemical vapour deposition
(CVD) method to prepare the pure 3D CNT aerogels, and re-
sults showed that the CNT aerogel revealed an extremely low
k of 0.02 W-m~!-K~! because of its high porosity (low den-
sity) of the unique 3D framework structure.3*! However, their
o and S were not superior to other CNT films/sheets, thus lead-
ing to a poor PF of 0.04 uW-m~!'-K~2. More interestingly,
they found that the doping treatment by gas fuming method
with potassium (K) and iodine (I;) can adjust the electrical
transportation of the CNT aerogel. Resultantly, the p-type
CNT aerogel transformed to n-type after K doping, whereas
I, doping obviously improved its ©.

Due to the unique synergistic effect of 1D CNT and
2D graphene sheets, it is highly beneficial to prepare hybrid
aerogels to further enhance their mechanical and TE prop-
erties. Li et al. presented a graphene/MWCNT composite
aerogel fabricated via a three-step process: the preparation of
graphene oxide/MWCNT aqueous dispersion, freeze-drying
and the followed pyrolysis.’*! This composite aerogel re-
vealed obviously increased o and S with the MWCNT:GO
mass ratio lower than 0.8. Resultantly, at MWCNT:GO mass
ratio of 0.5, the ZT reached a peak value of 0.001, which was
attributed to the optimization of electron transportation, the
energy filtering effect as well as the phonon scattering in the
3D porous skeleton structure. More recently, Meek et al. pre-
pared the rtGO/MWCNTs hybrid aerogels via a hydrothermal-
solvothermal and subsequent freeze-drying process. > Simi-
larly, the increase of MWCNTSs content effectively optimized
the TE properties (o and S) of the hybrid aerogels. Com-
pared with MWCNT, SWCNT has higher ¢ and structural
advantages, which has also been confirmed in some compos-
ite TE materials. Therefore, the preparation of composite
aerogels combined with SWCNT is expected to further im-
prove their TE and mechanical properties. In 2016, our group
has successfully hybridized rtGO with SWCNT to achieve
the preparation of ultralight rtGO/SWCNT hybrid aerogels
with a 3D double-interconnected network porous structure. %!
This hybrid aerogel was prepared through the formation of
well-dispersed structure in the GO/SWCNT hybrid hydrogels,
freezing-thawing recycle, and the final reduction and freeze-
drying process (Fig. 3). Notably, the obtained hybrid aero-

gels revealed highly reversible deformation during the me-

chanical compression process (¢ = 0—40%), where the ¢ sig-
nificantly increased (6.66-11.5 S-cm~!) and their S can be
well-reserved (29-25.6 uV-K~!). A ZT value of 8.03 x 1073
was obtained at zero compressive strain, resulting from the
unique 3D double-interconnected network, and the assistance
of energy-filtering and the phonon-scattering effect.

$%7

| .

. ticann

% L-ascorbic acid ~
/.
Freezing

Carrier
transport

Carrier
filtering

Sumey |,
\\

uondUNp

—

Phonon Heat
scattering transport

- '\ j
Further reduction
and freeze drying

rGO/SWCNT hybrid aerogels

Fig. 3. Schematic illustration of the synthesis route of the tGO/SWCNT hy-
brid aerogels. Reproduced with permission.>®) Copyright 2017, American
Chemical Society.

For conducting carbon composite aerogels, they can
also obtained through composite with some other inorganic
constituents, such as some highly conductive metal parti-
cles and carbon particles (C) originate from pyrolyzed or-
ganic polymers.’>8 For instance, Zhao et al. obtained a
graphene/C hybrid aerogel (GHCAS) by introducing graphene
into the pyrolyzed resorcinol-formaldehyde (RF) aerogel. 7!
It exhibited a dramatically enhanced ZT value of 0.01 at
graphene weight content of 39 wt%. They attributed the ex-
cellent TE performance to the energy filtering effect (large
S) and the compact 3D network with tight junctions (high
o), as well as the effective phonon scattering effect (ul-
In another study, they reported the CNT/Ag
composite aerogels fabricated by a four-step method, in-

tralow K).

cluding the formation of CNT/Ag dispersions, the prepa-
ration of CNT/Ag+RF composite hydrogel, freeze-drying
and finally pyrolysis process.[>®! It exhibited a large PF of
2.683 uW-m~'- K2 at 42.56 wt% Ag content with a rela-
tively low k of 0.077 W-m~!-K~!, leading to a high ZT value
of 0.011, which was one of the highest reported values in
inorganic-based TE aerogels. Similarly, the enhanced TE per-
formance was attributed to the simultaneously increased ¢ and
S, as well as maintain low x.

In order to conveniently analyze and compare the TE per-
formance of inorganic-based aerogels, we summarized their
TE properties in Table 2.
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Table 2. Summary of the TE properties for inorganic aerogels.

Constituent (experimental condition) & (W-m~1.K~!) S (uv-K1) c(Scecm™') PF(uW-m™L.K2) ZT (300K) Ref.
Bi, Te3 aerogel 0.5 43 30.3 6 3x1073  [51]
Bi,Sb,_,Tes aerogel 1 -36 133.33 17.27 3x1073 [51]
CNT 0.02 18.2 1.23 0.04 6x1074 [53]

CNT (K) - —12.5 1.1 0.017 - [53]

CNT (Ip) - 20.5 2.97 0.125 - [53]
Graphene/MWCNT 0.056 58 0.52 0.175 1x1073 [54]
rGO/MWCNTs - 15 (AT =80 K) - 1 - [55]
rGO/SWCNT 0.021 29 6.66 0.56 8.03x 1073 [56]
rGO/SWCNT (€ = 40%) - 25.6 11.5 0.754 - [56]
Graphene/C 0.064 82 3.25 2.185 1.02x 1072 [57]
CNT/Ag 0.077 54 9.2 2.683 1.1x 1072 [58]

2.3. Organic/inorganic particle hybrid/composite TE aero-
gels

Given the distinct advantages of inorganic-based aero-
gels, it is highly beneficial to combine them with organic
polymers to impart the resultant composite aerogels with both
high TE property and freely shapeable property (elasticity,
compressibility, stretchability, flexibility, etc).[37->-0%1 The
TE properties of some typical organic/inorganic particle hy-
brid TE aerogels are summarized in Table 3. For instance,
Yao et al. fabricated a PANI/3D graphene composite aero-
gel via a convenient in sifu polymerization with 3D tubular
graphene as skeleton.!>®! This composite aerogel with 55 wt%
3D graphene possessed the highest PF of 13.2 uyW-m~ 1. K2,
leading to a high ZT value of 0.02. Similarly, Chen et al. ob-
tained an elastic PANI/3D CNT composite aerogel using 3D
CNT network as template to composite with PANI, as illus-
trated in Fig. 4(a).>3] However, it exhibited a ZT value of
2.2 x 1073, much lower than that of PANI/3D graphene com-
posite aerogels. Considering the high S of inorganic semi-
conductor Te nanowires (Te-NWs), Jiang et al. prepared the
PEDOT:PSS/Te-NWs binary aerogels via the formation of PE-
DOT:PSS and Te-NWs dispersion, vacuum freeze drying and
subsequent DMSO-vapor annealing process, as illustrated in
Fig. 4(b).13] Notably, they only studied the TE performance
of PEDOT:PSS/Te-NWs binary aerogel films by pressing the
aerogel samples. This aerogel film with 30 wt% Te-NWs ex-
hibited a high PF of 13.2 uW-m~!-K~2 and a ZT value of
0.02. The authors explained such enhancement in TE perfor-
mance with a binary composite model (series and parallel con-
nected model).

Besides the ultralow k, the reversible elasticity (deforma-
tion) under different compression strains of aerogel is also a
distinct advantage to broaden its application. More recently,
Cho et al. investigated the TE property of SWCNT-coated
polyurethane (PU) aerogel (or sponge) prepared by a conve-
nient dipping-and-drying process.*®! Notably, the obtained
TE aerogels exhibited highly compressible, elastic, flexible,
bendable and twistable features, which completely inherited
the pristine excellent mechanical properties of the PU sponge.
Given the above attractive mechanical properties, they further
investigated their TE performances under different compres-
sive strains (€ = 0-80%). Unsurprisingly, both ¢ (0.028-
0.073 S-em™!) and k (0.055-0.08 W-m~!.K~!) increased
with the increase of compressive strain (¢ = 0—-80%) because
of the optimization of the conductive pathway by reducing
the pore size (increasing the density), while their S (37.05-
38.91 uV'K’l) can be well maintained. As a result, their ZT
values were largely improved from 1.74 x 1075 t0 3.86 x 1073
under the compressive strain from 40% to 80%. More impor-
tantly, they also constructed a TE generator to evaluate their
output performance in practical application, as introduced in
the following Section 3.

Ternary polymers and carbon nanoparticles compos-
ite aerogels have also been developed for TE applica-
tions. As reported by Zhao’s group, an ultralight PE-
DOT:PSS/MWCNTSs/Ag ternary composite aerogel was pre-
pared via a facile route of the formation of ternary disper-
sion and subsequent freeze-drying process.!®!l At 33.32 wt%
Ag loading, the ZT reached a peak value of 7.6 x 1073,
which is one order of magnitude higher than that of the

Table 3. Summary of the TE properties for organic/inorganic hybrid aerogels.

Constituent (solvent treatment) Kk (Wm LK) SuvK!) o@ceml) PFuWmK?) zZT Ref.
PANI/3D graphene 0.198 37.5 92 13.2 0.02 [59]

PANI/ 3D CNT 0.29 233 40.35 2.19 22%x1073 [33]
PEDOT:PSS/GO 0.035 10 - - - [60]
PEDOT:PSS/Te-NWs aerogel film (DMSO) 0.168 30.8 119 11.3 0.02 [35]
SWCNT-coated PU sponge 0.055 37.05 0.028 3.84x 1073 2.09x107°  [38]
SWCNT-coated PU sponge (¢ = 80%) 0.08 38.91 0.073 0.011 3.86x 107>  [38]
PEDOT:PSS/MWCNTs/Ag (DMSO) 0.12 61.3 6.71 2.52 7.6x1073  [61]
PEDOT:PSS/SWCNT/BC aerogel film 0.13 20.29 290.6 12 0.028 [37]
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PANI/3D CNT composite aerogel

In situ polymerization

Fig. 4. Schematic illustration showing the preparation process for the (a) PANI/3D CNT composite aerogel. Reproduced with permission. !

| SMN-21/S$d:1003d |

53]

Copyright 2011, American Chemical Society. (b) PEDOT:PSS/Te-NWs aerogel film. Reproduced with permission.*>! Copyright 2018, American

Chemical Society.
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Fig. 5. Synthesis route of the PEDOT/SWCNT/BC ternary composite aero-

gels respectively. Reproduced with permission.37! Copyright 2019, Ameri-

can Chemical Society.

pristine PEDOT:PSS/MWCNTs aerogel. Such enhancement
of TE properties was also ascribed to the unique 3D porous
conductive network, the energy-filtering effect, and the effec-
tive phonon scattering effect at the aerogel interface. Further-
more, Lin et al. obtained a ternary PEDOT/SWCNT/BC com-
posite aerogel, which exploits the high o from PEDOT and
SWCNT, and the beneficial mechanical properties from bac-
terial cellulose (BC).[*”] The ternary composite aerogel was
prepared through the formation of SWCNT/BC dispersion, in
situ polymerization of PEDOT and subsequent freeze-drying
process, as shown in Fig. 5. In order to compensate for the ul-
tralow o caused by high porosity, the obtained aerogels were
cold-pressed into corresponding films, and then their TE per-
formance were investigated. At the SWCNT mass content
of 32%, the aerogel film exhibited an extremely high ¢ of

290.6 S-cm~!, which was 9.7 times that of the SWCNT/BC
(32 wt%) film and 53 times that of the PEDOT/BC film. More-
over, the x can be well-controlled at 0.13 W-m~1.K~!, thus
leading to a high ZT value of 0.028.

3. Flexible TE devices based on TE aerogels

To further explore the practicality of the TE materials,
corresponding TE devices or generators are required, which
are assembled in plane or vertical plane mode from TE mod-
ules that are composed of p-type and/or n-type TE materials.
For in-plane design, films are the most commonly used struc-
ture for flexible TE devices. Therefore, the resulting 3D aero-
gel is sometimes cold-pressed into a film. Compared with 3D
aerogel and pristine film sample, the corresponding aerogel
film has three distinct merits: 1) enhanced o due to the opti-
mization of conductive transport pathway, 2) maintained rel-
atively low k because of the remaining pores, 3) convenient
TE property and output performance measurements, particu-
larly for those aerogels with poor mechanical properties. For
instance, Jiang et al. constructed a TE generator by connect-
ing 6 pairs of prepared p-type PEDOT:PSS/Te-NWs (DMSO)
aerogel films and matching n-type CNT fibers in series.[3! As
shown in Fig. 6(a), the TE generator achieved a high output
power of 1.28 uW at a temperature difference (AT) of 60 K,
which was 2 times that of TE generator consisting of aero-
gel films without DMSO post-treatment. Moreover, Lin et
al. reported an in-plane flexible TE device which composed
of 10 unipolar p-type legs of PEDOT /SWCNT/BC compos-
ite aerogel films, as shown in Fig. 6(b).’’! Resultantly, as
AT increased to 65.6 K, the TE device generated a maximum
open circuit voltage of 6.9 mV, thus leading to a largest output
power of 169 nW.
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To exploiting large-area heat sources and achieving wear-
able applications, vertical-plane design of TE devices is the
most desired structure to efficiently harness thermal energy
via vertical temperature gradient. This vertical design is par-
ticularly suitable for 3D bulk aerogels. For example, Cho et
al. fabricated an elastic TE generator via the assembly of 8
pains of p-type SWCNT coated-PU sponge legs (FeCl; dop-
ing) and n-type SWCNT coated-PU sponge legs (benzyl vio-
logen doping).*® The legs were cut into a specific size and
then embedded in a perforated PU sponge mold. Notably, this
generator exhibited a considerable stable and durable relative
resistance change during continuous compression—release for
1000 cycles, confirming its excellent pressure-driven response.
Considering the super elasticity and sensitive compression-
driven response, their changes in output performance of the
generator depending on compression strains were also investi-
gated. The TE sponge generator revealed a remarkable output
power of 2.09 uW under 80% strain at AT = 55 K, which was
around 12 times that of TE generator without strain. This elas-
tic TE generator was further demonstrated to be cushion on
human body, generating an S of 10 mV when human sat or
leant on this sponge.

4. Summary and perspectives

The rapid development of TE materials and their devices
has attracted tremendous interests because of their great poten-
tial in applications such as next-generation power generator,
self-powered wearable electronics, as well as power supply
for various external powered portable electronics. Aerogels-
based conducting materials possess attractive ultralow x, light
weight and adjustable o, enabling them as a highly promising
candidate to effectively achieve the heat-to-electricity conver-
sion. In this article, we have introduced the recent progress of

organic, inorganic and composite/hybrid TE aerogels, includ-
ing main constituents, preparation approach, TE performance
and factors affecting the TE performance and the correspond-
ing mechanism. We have also presented two representative
aerogel-based TE devices/generators, and further discussed
their assembly mode and TE output performance. Although
remarkable progress has been achieved for the TE aerogels,
research in this field is still in the infancy stage, especially
compared with those organic or inorganic based TE films or
bulks. The future research of TE aerogels and their devices
could be focused on the following aspects.

1) For 3D TE aerogels, it remains a great challenge to
simultaneously improve the o and reduce/remain low k, espe-
cially compared to the corresponding TE films. The optimiza-
tion methods (doping, de-doping, pre-/post-treatment), mor-
phology and structure control (1D nanowires or nanotubes, 2D
nanosheets, 3D nanospheres, ordering of polymer chains, ori-
entation), as well as the enhancement mechanisms (synergis-
tic effect, energy-filtering effect, phonon scattering effect) of
some films or bulk materials with high TE properties can be
used to optimize the preparation and TE performance of TE
aerogels.

2) Highly elastic TE aerogels. Considering the porous
structure of aerogels and the practical applications, TE aero-
gels with high elasticity will exhibit unique advantages.
Combing the high elasticity of conventional aerogels with the
desired TE property of TE materials (carbon nanoparticles,
conducting polymers, semiconductors), a highly elastic TE
aerogel is expected to be achieved. Some feasible strategies
mainly include: the optimization of preparation process, elas-
tic material as matrix together with some treatments (coating,
dipping, vapor phase polymerization, etc), as well as the con-
struction of multicomponent system.
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3) Optimization of aerogel-based TE devices. Consid-
ering the advantages of ultra-light weight and low kx of TE
aerogels, they can be designed into devices in vertical mode
to broaden their application scenarios (floating in hot fluid
medium, wearable/portable devices). Moreover, high elastic-
ity and/or high flexibility can be applied to prepare compress-
ible and/or stretchable TE devices.

4) In particular, in-depth understanding of the enhance-
ment mechanism of the TE aerogels needs to be emphasized.
Besides the 3D conductive network, energy-filtering effect
and phonon scattering effect employed from TE materials
films/bulks, novel concepts or theories are need to be provided
to accurately clarify the variation of TE performance, so as to
further optimize the performance of the TE aerogels.
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