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Highlights (for review)

Highlights
1. Achieving a superior power factor value of 190 pW m1 K2, the highest value ever
reported in the post-treatment-free PEDOT-based thermoelectric.
2. The superior TE performance was attributed to the conductive network with
balanced microstructure and molecular structure.
3. Evidencing the conductive network with long-range ordered conductive paths
(LOCP) consisting of packed rod-like microdomains.
4. The LOCP enabled PEDOT:PSS/IL hybrids good environmental and mechanical

stability, promising for the high perforamnce TEG applications.
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ABSTRACT

In this work, post-treatment-free polymer hybrids, consisting of poly(3,4-
ethylenedioxythiophene):poly(styrene sulfonate) (PEDOT:PSS) and ionic liquids (ILs), were
fabricated for the thermoelectric (TE) application. By optimizing the ILs’ molar concentration
(0-0.5 M) and chemical composition, that is varying the cyano-based anions coupled with 1-
ethyl-3-methylimidazolium cations, a superior TE performance (power factor of 190 pW m™!
K2) was achieved. The excellent TE performance was attributed to the conductive network
under the coupling effect of molecular structure (such as oxidation level, conformation and
crystallization of PEDOT chains) and microstructure (long-range ordered conductive paths).
Especially, the long-range conductive paths were proved to be made of rod-like
microdomains, based on detailed structure analysis with micro-Fourier transform infrared
spectroscopy and small-angle X-ray scattering. These paths enabled carrier transport among
microdomains of PEDOT:PSS/IL hybrids. Moreover, the conductive network of
PEDOT:PSS/IL hybrids showed good environmental and mechanical stability, enabling the

fabrication of flexible TE generators.
KEYWORDS: PEDOT:PSS, ionic liquid, thermoelectric, post-treatment-free, structure-

property correlation
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1. Introduction

Thermoelectric generator (TEG) is a sustainable and ecofriendly energy resource that can
covert heat flux (e.g., waste energy) directly into electrical energy through the well-known
Seebeck effect [1]. In the past decades, the development of high-performance TE materials
have drawn extensive attention, which is believed to help mitigate the challenges of global
energy dilemma [2,3]. The performance of TE materials is evaluated with a dimensionless
figure-of-merit (Z7T), defined as ZT = S?0T/k, where S, o, T and «x stands for Seebeck
coefficient, electrical conductivity, absolute temperature and thermal conductivity,
respectively. Recently, conducting polymer-based TE materials attract great interests since
their merits in low cost, non-toxic, large-scale processability, intrinsic flexibility and low x
values, which fit well to the development trend of electronics towards integration,
miniaturization and super flexibility [4,5]. Especially, the x value of polymer materials is so
low (0.1-1 W m™! K™!) [6] that is difficult to be measured precisely. Therefore, the TE
performance of polymer-based materials is usually qualified by S, called power factor (PF)
[7]. Moreover, like their inorganic counterparts, the polymer-based TE materials generally
follow a tradeoff relationship, in which a higher S value is coupled with a lower ¢ value. In
order to get out of the dilemma, the research greatly focus is on how to decouple the S and o
by tailoring the structure via synthesis, secondary-doping or post-treatments, to achieve their
synergistic enhancement [4,5,8,9].

By referring to the previous reports, poly(3,4-ethylenedioxythiophene):poly (styrene
sulfonate) (PEDOT:PSS), a complex of conducting PEDOT doped with insulating PSS, has
drawn the most attention [4]. This is because its remarkable stability in ambient conditions
and relatively higher conductivity compared to other polymers, as well as the biocompatible
and environment benign aqueous wet coating capability [10]. The multilevel structure of the
PEDOT:PSS has been intensively studied in the past decades, which is summarized in the
following.

1. the primary p-type doping level of PEDOT during the oxidative polymerization is
approximately 33%, that is 1 dopant for 3 monomer units [11] (Fig. 1a);

2. long and insulating PSS chains are covering around the short PEDOT chains (7-18
repeating unit [12]) via Coulombic interaction and in excess amount to guarantee the stability
of the PEDOT:PSS aqueous dispersion;

3. PEDOT-rich core and PSS-rich shell microstructure forms in the aqueous dispersion

due to the preferential proximity between water and hydrophilic PSS chains [13];



4. Supramolecular assembly formed already in the solution, which has strong
correlations with the structure (such as crystallinity, interdomain connectivity) and electrical
property of the dried film [14-16].

The above-mentioned structure features endow PEDOT:PSS localized carriers (Fig. 1a)
and thus the carrier transport heavily relying on interchain and intergrain transfer, for which
ordered structure in multilevel is mandatory [5,8,10,17]. In the past decades, the structure and
morphology of the PEDOT:PSS have very often been scrutinized based on different
approaches such as optimized polymerization, secondary doping and post-treatments, to
understand the inherent transport mechanisms [4]. A three-fold increase in the conductivity
was widely reported via pre- or post-treatments with doping agents like acids [18,19], salts
[20], surfactants [21], and organic solvents [22,23]. The conductivity enhancement was
mainly attributed to the coupling effect of the more ordered PEDOT microstructure and
minimized content of the insulating PSS components [24,25].

It is found that secondary doping with ionic liquids (ILs) overcome the thermoelectric
tradeoff relation of PEDOT:PSS. For example, Kee et al reported that the IL-doped
PEDOT:PSS showed superior S and ¢ performances simultaneously over neat PEDOT:PSS,
ie,538Scem ! Vs. 1 Scem!and 25 pV K Vs, 15 uV K!' [26]. Ju et al explained such
tradeoff break phenomenon with a hypothesis that change of the electrostatic interaction
between PEDOT:PSS and secondary dopant induced substantial structure change and a
positive deviation from the TE tradeoff relation [14]. In addition, Fan et al. demonstrated that
IL doping combined with post-treatments with H>SO4 and NaOH could endow PEDOT:PSS
heterostructures and high TE performance (PF=754 uW m! K™2) [27]. Moreover, Hinckley et
al. reported that the well-designed solution-shearing deposition combined with solvent post-
treatments brought PEDOT:PSS metallic-like conductivity and high PF (> 800 pW m™' K?)
performance, which were attributed to the PEDOT chain alignment and increased
microdomain size during the process [28]. However, these post-treatment protocols usually
involve complex and cumbersome processing steps, some of them even need toxic and
dangerous chemicals, which might bring obstacles for the large-scale production of PEDOT-
based TE and their applications.

In this work, we prepared a series of post-treatment-free PEDOT:PSS/IL hybrid and
studied their TE performance as a function of the chemical structure and concentration of the
IL dopants. We disclosed that a balanced molecular structure and microstructure was
necessary for the optimum of TE performance. Four ILs with the same 1-ethyl-3-

methylimidazolium (EMIM) cation but different cyano-based anions, including thiocyanate
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(SCN), dicyanamide (DCA), tricyanomethanide (TCM) and tetracyanoborate (TCB) were
chosen in the study. A superior PF value of 190 pW m™' K2 was first reported in the
PEDOT:PSS/EMIM:SCN 0.25 sample. To the best of our knowledge, it’s the highest
performance ever reported in the post-treatment-free PEDOT-based TEs. To rationalize this
phenomenon, sophisticated and complementary characterization techniques have been
undertaken to decipher the multiple-length scale structure covering both molecular structure
(the oxidation level, conformation and packing of the PEDOT chains) and microstructure
(long-range ordered conductive paths consisting of rod-like microdomains). Especially we
demonstrated that the establishment of long-range conductive paths except for the well-
recognized optimized molecular structure [5,7,8] played important roles in the high TE
performance. Moreover, the TEG was fabricated and tested to demonstrate the promising

practical applications of these post-treatment-free PEDOT/IL hybrid.
2. Results and Discussion

2.1. Materials Design and Property

We designed the post-treatment-free w/IL (where w denotes the PEDOT:PSS) TEs by
referring to the fundamentals disclosed in the previous studies. To name a few, chemical
structure of the ILs determines the doping efficiency and has strong impact on the
performance of the PEDOT-based TEs [29,30]. An increase in carrier density might yield
lower carrier mobility, indicating the existence of an optimum concentration for the IL
dopants [31,32]. It’s natural to understand that rational design of the chemical structure and
concentration of ILs determines the high performance w/IL TEs. By surveying the literature
reports, the ILs with EMIM cations were chosen since they were intensively studied as the
secondary dopant or post-treatment solvent in the PEDOT-based TEs [33], and their
commercial availability. In addition, four cyano-based anions (Fig. 1a) were chosen as the
counterions of EMIM, for a systematic study of the role of chemical structures. Inspired by
one of our recent work [15], which disclosed that the w/EMIM:TCM 0.17 (where 0.17 is the
molar concentration of EMIM:TCM) showed an optimized PF of 175 uW m ' K2, we set the
molar concentration of IL (») in the range of 0-0.5 M in this study.
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Fig. 1. (a) Chemical structures of PEDOT:PSS and ILs used in this work. (b) Seebeck coefficient, (¢) electrical
conductivity and (d) power factor of PEDOT:PSS/IL (denoted as w/IL) hybrid films as a function of the ILs’
concentration (n). In panel d, the w/IL with optimum PF value was marked with color bar. In panels b-d, the solid

lines are guides to the eye.

Fig. 1b shows that the S values of all the w/IL samples increase logistically with the
increase of n; for the fixed »n value, the S values show clear anion dependency with SCN >
DCA > TCM >TCB. For example, w/EMIM:SCN reaches a maximum S =51.4 pV K ' at n >
0.25 M, which is 2.5 time higher than that of pristine PEDOT:PSS (20.6 pV K™!). In contrast,
the change of ¢ value as a function of n is more complex. With the increase of n, ¢ increases
first and then decreases with the maxima in the middle as shown in Fig. lc. The
w/EMIM:TCM shows the highest o value of 1393 S cm™, three orders higher than that of neat
PEDOT:PSS (0.85 S cm™!). By comparing Fig. 1 b and ¢, a clear tradeoff relationship between
S and o is found at high n values. Therefore, to fabricate the high performance TE, it’s ideally
to get both S and ¢ at maxima in the sample by following the function PF= $°c. Indeed, the
w/EMIM:SCN 0.25 fits well to the condition with S = 51.4 uV K' and ¢ = 719 S cm ™},
resulting in a superior PF value of 190 pW m ' K2 (Fig. 1d). In addition, Fig. 1d shows that
the PF performances of all the w/IL samples have clear dependence on the chemical structure
and concentration of the IL dopants. For example, at n = 0.25 M, the w/EMIM:SCN shows an
overall best PF, which is higher than that of wW/EMIM:TCM (132 pW m ! K™?), w/EMIM:DCA
(69 pW m ' K?) and w/EMIM:TCB (35 pW m ™' K ?). By comparison, the TE performance of
w/EMIM:SCN 0.25 is higher than not only the other samples used in this work but also the
previously reported PEDOT:PSS hybrids doped with ILs [26,34,35], dimethyl sulfoxide [36],
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hydrazine [37], ethylene glycol [38], polyethylene glycol [39], and some inorganic fillers [40-
44]. More details could be found in Fig. S1 of the Supporting Information. To explore the
underlying principles of the new record, we did an exemplary study of the structure and
property correlation with w/IL 0.25 samples from the perspective of balanced molecular and

microscopic structures in the following.

2.2. Molecular Structure
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Fig. 2. (a) UV—vis-NIR absorbance spectra of w/IL 0.25 hybrid films. The arrows are guides to the eye for
change of polaron (P) and bipolaron (BP) peak intensities. (b) Charge carrier concentration and Seebeck
coefficient results of w/IL 0.25 hybrid films. (c) Raman spectra of the w/IL 0.25 hybrid films. The signal around
1425 cm™ is zoomed and included as an inset, with an arrow indicates the peak shift direction as a function of IL.
(d) Schematic diagrams showing the resonant characters and the planarity of the n-m stacking in the w/IL hybrid.

The C = C double bonds are marked with golden rectangular shades.

As well-recognized in the literature, the molecular structure of conjugate polymer has
strong impact on the TE performance [4]. The molecular structure of the w/IL 0.25 samples
were characterized with UV-vis-NIR, Raman spectroscopy and X-ray scattering, which can
provide splendid information about oxidation level, conformation and packing states of
PEDOT chains. The UV-vis-NIR spectroscopy data of w/IL 0.25 samples (Fig. 2a) show
typical polaron and bipolaron signal of PEDOT at around 900 and 1200 nm, respectively [45-
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47]. By comparing to the pristine PEDOT:PSS sample, the w/IL 0.25 samples exhibit a clear
increase in the polaronic absorption and a concomitant decrease in the bipolaronic absorption,
indicating that IL doping generally reduced the oxidation level of PEDOT. The level of the
reducing effect is closely related to the chemical structure of the IL and increases in the
sequence of TCB < TCM < DCA < SCN. In addition, the reduction effect is positively
correlated with the concentration of ionic liquid (as testified by UV-vis data in Fig. S2 of the
Supporting Information). Moreover, it’s generally accepted that the oxidation level has a
positive dependence on the charge carrier concentration, vice versa for the Seebeck
coefficient [29,45]. Similar phenomenon has been observed in the w/IL 0.25 samples as
shown in Fig. 2b. Note: the charge carrier concentration was collected with Hall effect
measurement. By referring to the ion exchange theory between PEDOT:PSS and ILs [30],
these phenomena could be rationalized with the fact that the smaller anion could easily
penetrate the coupled PEDOT:PSS chains, resulting the dissociation of PEDOT from PSS
segments, as schematically illustrated in Fig. S3 of the Supporting Information.

The molecular conformation of PEDOT was characterized via Raman spectroscopy. Fig.
2¢ shows that pristine PEDOT:PSS has a Raman peak at 1430 cm™, which is assigned to the
symmetric Co=Cp stretching vibrations of PEDOT rings [48]. IL doping causes peak
narrowing, corresponding to de-doping of PEDOT [14]. This finding agrees well with the
UV-vis-NIR results as mentioned above. In addition, IL-doping brings red-shift of the peak
position, that is 1422 and 1427 cm™ for w/EMIM:TCM sample and the other samples,
respectively. This phenomenon can be correlated with the resonant characters (benzoid,
intermediate and quinoid structure) of PEDOT [16]. As illustrated in Fig. 2d, the benzoid and
quinoid structures exist in distorted and ordered PEDOT backbones, respectively. Moreover, a
high proportion of quinoid structure brings the PEDOT chain longer conjugation length,
promoting the n-n stacking among PEDOT chains and crystallization to some extent [49]. To
testify this hypothesis, we characterized the chain packing and crystallization of w/IL 0.25

samples with X-ray scattering in the next part.
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Fig. 3. GIWAXS data of the w/IL 0.25 hybrid films: (a) typical 2D GIWAXS (after wedge correction) patterns
and (b) corresponding 1D GIWAXS profiles integrated along cake cuts. (c) Schematic diagram of the (100)
lamellar stacking structures of PEDOT:PSS, extracted from the GIWAXS data. (d) PEDOT-to-PSS ratios of the
sample extracted by dividing the PEDOT peak intensity with that of PSS as marked in Panel b. The inset depicts
the UV-vis results of PEDOT:PSS films.

Grazing-incidence wide-angle X-ray scattering (GIWAXS) is a well-established
powerful protocol in providing statistic molecular structure information of polymer thin films
[14,24,50-53] in large-area, which is determined by the beam footprint. For example,
Palumbiny et al. deciphered how solvent additives influence PEDOT:PSS thin film in terms of
interchain coupling, molecular orientation, and crystallite size based on GIWAXS
measurements [50]. Fig. 3a shows the typical 2D GIWAXS patterns that have been corrected
for the "missing wedge". Two halo rings observed at high g region (Fig. 3a) are attributed to
the n-m stacking of PEDOT and PSS chains, respectively. In the low-¢g region, scattering
patterns resulting from interchain coupling are also observed, varying with the change of ILs.
To qualitatively analyze the structure change, the 2D GIWAXS patterns were converted into
1D profiles (Fig. 3b) by cake integration (cf. Fig. S4 of the Supporting Information). Three
scattering peaks were found in pristine PEDOT:PSS, with ¢ = 0.31, 1.26 and 1.79 A"!. By
referring to d = 27/q, these peaks correspond to real-space values d = 20.27, 4.99 and 3.51 A,
respectively. The latter two peaks were attributed to the m-m stacking of PSS and PEDOT
chains (Figure 3b), respectively. Meanwhile, the first peak was attributed to the (100)
crystalline peak of PEDOT, that was alternating stacking of PEDOT and PSS as illustrated in
Fig. 3¢ (type I) [24,50]. It’s found that the position of the PEDOT (100) peak does not change
with the IL-doping except for w/EMIM:TCM 0.25. Two peaks with ¢ = 0.27 and 0.61 A (d =
23.27 and 10.30 A) are found in w/EMIM:TCM 0.25 sample (Fig. 3b), which are attributed to
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a peak shift of type I and formation of a new type of PEDOT (100) structure (type II in Fig.
3c¢), respectively [19]. As shown in Fig. 3c, the type II structure minimized the intermolecular
gaps of PEDOT chains, which was demonstrated to facilitate the charge transport and to
improve the electron conductivity [19]. Indeed, as shown in Fig. 1c, EMIM:TCM doped
sample showed the highest ¢ value in the w/IL 0.25 series sample. The formation of type II
PEDOT (100) structure could be rationalized with the high proportion of quinoid structure in
w/EMIM:TCM (Fig. 2 ¢ and d), which would promote the z-electronic overlap and the
transport of charge carriers [14,54,55].

It’s well-known that GIWAXS could not only provide splendid molecular structure
information of polymer chains but also their statistics in a large area [52,53], that is the beam
footprint (0.7 x 45.8 mm? in the present work, schematic diagram in Fig. S5 of the Supporting
Information). The statistic result provides PEDOT to PSS ratio information, which is closely
related with the ¢ performance because PEDOT is conductive and PSS is insulating [56]. By
referring to the literature [19], the PEDOT to PSS ratios was calculated by comparing the
scattering peak intensities of PEDOT and PSS as indicated in Fig. 3b. Note: the peak position
might shift due to the structure fluctuation and detailed information about the peak position
could be found in Table S1 of the Supporting Information. Fig. 3d shows that the PEDOT to
PSS ratio increases significantly by IL-doping in the drop-casted samples, in the sequence of
EMIM:SCN > EMIM:TCM > EMIM:DCA > EMIM:TCB. Similar phenomenon has been
observed in the UV-vis data of the spin-coated samples (inset of Fig. 3d). In the UV-vis
spectra, the two absorption peaks around 210 nm are attributed to the PSS aromatic ring
signal [57], and the decrease of the intensity indicates the minimizing of the PSS relative
content. It has been demonstrated that the PSS could be washed away via post-treatments
because it can be decoupled with PEDOT after secondary doping and it has much better
solubility than PEDOT [29,58]. However, it is not the case for the samples in the present
study since drop-casted samples were used for the GIWAXS measurements and no PSS wash-
away was expected. Instead, we attribute the results in Fig. 3d to the more ordered ==
stacking of PEDOT in the scanned area since ordered structure except for the number of the
scatter could enhance the scattering intensity [50,51]. Moreover, the statistic structure analysis
results indicate the w/EMIM:SCN has the best overall structure order; in contrast, the
chemical structure analysis shows the w/EMIM:TCM has the most efficient chain packing in
the crystal. Clearly, solely molecular structure information as mentioned above is not
convincing in rationalizing the structure and property correlations of PEDOT-based TEs. In

the following section, we decipher the microstructure of w/IL 0.25 samples with X-ray
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scattering and micro-FTIR spectroscopy, to provide a comprehensive understanding of the

structure and property correlation.

2.3. Microstructure
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Fig. 4. (a) SAXS data (dotted lines) of w/IL 0.25 hybrid films and their model fits (solid lines). (b) Characteristic
radii (R) and length (L) from the SAXS data fitting. (c) Schematic illustration of the IL doping induced
microstructure change in PEDOT:PSS hybrids. The possible carrier (A") transport paths are indicated with
dashed-line arrows.

Fig. 4a shows the synchrotron radiation small-angle X-ray scattering (SAXS) data of the
w/IL 0.25 hybrid films. A schematic diagram of the SAXS measurement could be found in
Fig. S6 of the Supporting Information. SAXS is a powerful tool in providing statistic
microstructure information (like size, shape and assembly) of polymer, nanoparticles and so
on in solution or solid state [14,59-63]. For example, Ju et al. demonstrated that the secondary
doping switched the microstructure of PEDOT:PSS from original “core-shell” structure to a
rod-like structure (PEDOT enriched in the center), based on the SAXS data [14]. The
formation of such rod-like microstructures is generally observed in the IL-doped PEDOT:PSS

samples and could enhance the materials’ conductivity [8,15,28]. For a qualitative analysis of
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the SAXS data, we fitted them with a rod-like model, and the characteristic radii (R) and
length (L) values from the SAXS data fitting are shown in Fig. 4b. By comparison, the fitted L
of pristine PEDOT:PSS (~ 55 nm) argreed well with the microdomain size of PEDOT:PSS
mentioned in the previous report [16]. Fig. 4b shows that the L values increased clearly after
IL-doping, in the sequence of EMIM:SCN > EMIM:TCM > EMIM:DCA > EMIM:TCB.
Meanwhile, the fitted R values decreased after IL-doping, indicating the slender feature of the
rod-like structure enhanced. By referring to the previous studies [25,27], such rod-like
structures would promote the conductive network percolation and promote the intergrain
carrier transport. The proposed microstructure and property correlations before and after IL

doping are schematically illustrated in Fig. 4c.

(a)

(b)

w/ EMIM:
SCN

w
1

leMIM

N
1

w/ EMIM:

DCA
] w/ EMIM:
TCB
Pristine
0

Fig. 5. (a) #-FTIR mapping data of w/IL 0.25 hybrid films, showing the intensity distribution of the 832 cm’!

Carrier mobility (cm* V' s™)

peak (PEDOT). The data is in rainbow color with red and blue indicate rich and deficient of PEDOT. The
dashed-line arrows guide eyes to judge the formation of long conductive paths for carrier (A") transport in the
sample. (b) Charge carrier mobility (uo) results of the w/IL 0.25 hybrid films, which were collected from Hall

effect measurement.

To provide more solid proof about the proposed conductive network, the micro-Fourier
transform-infrared spectroscopy (u-FTIR) was employed. u-FTIR combines spectral
characterization of FTIR with spatial resolution of light microscopy, which can provide

spectroscopic information of the conductive domains with micrometer range spatial resolution
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[64]. PEDOT is conductive and its chemical structure is conveniently analyzed with FTIR as
mentioned in the previous report [65]. To study the spatial distribution of PEDOT in the film
(cf. Fig. S7 of the Supporting Information), the 832 cm™ peak signal, assigned to the
stretching vibration of C-S-C in the thiophene ring [66], was chosen for the -FTIR mapping
analysis. The u-FTIR data was shown in rainbow color, with red and blue indicate rich and
deficient of the PEDOT, respectively. Fig. 5a shows that isolated PEDOT-rich microdomains
are scattering over the pristine PEDOT:PSS; the IL-doping promotes the percolation of the
PEDOT-rich microdomains, that is formation of long-range ordered conductive paths (LOCP)
as indicated by the dashed-line arrows. By comparison, the integrity of the LOCP decreases in
the order of EMIM:SCN, EMIM:TCM, EMIM:DCA, EMIM:TCB and pristine PEDOT:PSS.
The formation of LOCP would pave ways for the carrier transport, as evidenced in the charge
carrier mobility (uo) data of Fig. 5b. Considering these are post-treatment-free samples, we
attribute the formation of such LOCP structure in the dried films to the structure transfer from
those formed in the solution due to supramolecular assembly as illustrated in the previous
reports [15,30]. By comparing Fig. 5 a and b, it is found that the change of xo as a function of
IL species is the same with that of the integrity of the LOCP. In addition, they agree well with
structure analysis mentioned above, that is rod-like structure (Fig. 4) and PEDOT to PSS ratio
in large area (Fig. 3d). Moreover, they agree with the Seebeck coefficient (Fig. 2b) and TE
performance (PF value in Fig. 1d), too. Thus, we confirm that the microstructure except for
the well-known chemical structure plays important role in performance of PEDOT-based TEs.

It’s well known that high performance TE materials need both high carrier transport
properties and low phonon transport properties simultaneously, which makes it challenge to
enhance thermoelectric performance [67]. We attribute the new record PF value of
w/EMIM:SCN 0.25 to the conductive network with balanced microstructure and molecular
structure. For one side, the w/EMIM:SCN 0.25 has one of the highest S values (Fig. 1b),
which is supported by the best integrity of the long-rang ordered conductive path. For the
other side, it has good o (Fig. 1¢) due to the balance of molecular structure and long-range
ordered conductive path. In addition, it was found that the conductive network formed in w/IL
0.25 samples showed good environmental stability (cf. Fig. S8 of the Supporting
Information). For example, the PF value of w/EMIM:SCN 0.25 sample showed much better
environmental stability (83.4% retention after 10 days) than that of pristine PEDOT:PSS (i.e.,

58.6% retention), promising for the potential applications in TEG.

2.4. Thermoelectric Generator
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Fig. 6. Performance evaluation of TEG fabricated with w/EMIM:SCN 0.25 as the TE material. (a) The
relationship between output voltage and the temperature gradient (AT). The inset is a photo image of the 8 p-type
legs TEG. (b) Output voltage (hollow dot) and output power (solid dot) versus current at different AT. (c)
Electrical conductivity and Seebeck coefficient as a function of bending cycles. The inserted photo images
showing the configuration of operando study during bending test. (d) A photo of ~0.32 mV created when AT was
2.29 K. The flexible TEG was wrapped around the arm with one side attached to an arm skin and the other side

exposed to the air, air-laid paper as the thermal insulator.

To explore the application of the w/IL in TE device, we fabricated 8-legs TEG (inset of
Fig. 6a) with the p-type w/EMIM:SCN 0.25 sample. Fig. 6a shows the open-circuit voltage
(Voc) of the TEG is 16.5 mV when temperature gradients (AT) is 40 K. The V. value is close
to the theoretically estimated value (16.6 mV), with the equation Vo = N-S-AT (N represents
the number of legs, S measured from a single TE leg), indicating good electrical circuit
formed in the TEG. Fig. 6b shows the output performance of the TEG as a function of load
resistance at different temperature gradient, as schematically illustrated in Fig. S9 of the
Supporting Information. The output power (P) is described by the equation: P = [V/(R; +
RL)J?RL, where Ry and Ry represent the intrinsic internal resistance and the load resistance,
respectively. Therefore, P reaches its maximum when R equals to Ry at a fixed AT [68]. The

R1 was 625 Q. Fig. 6b shows that the P increases from 6.4 to 110.2 nW when AT changes
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from 10 to 40 K, indicating good TE performance of the TEG.

The PEDOT-based TEG is a typical flexible TEG due to the excellent flexibility [4]. To
address this point, bending measurement of single leg was undertaken. The bending diameter
was set to 7 mm (inset of Fig. 6¢). Fig. 6¢ shows the PEDOT-based TEG retains the TE
performance about 96.0% of the original ¢ and 96.4% of the original S, after 1000 bending
cycles. By calculation, the PF decreases 10.7% after 1000 times bending, attractive for the
practical applications. To demonstrate the practical application of such device, the 8-legs TEG
was wrapped around the arm, to generate electricity with body heat. As shown in Fig. 6d,
good contact between TEG and skin was achieved with one side attached to the arm and the
other side exposed to air with an air-laid paper as the thermal insulator. The resulting open-
circuit voltage of the TEG was 0.32 mV at a temperature difference of 2.29 K. This finding
promotes the post-treatment-free w/IL hybrids towards practical applications in harvesting
human body heat.

3. Conclusions

In this work, we demonstrated a strategy to prepare high-performance PEDOT-based TE
materials by tailoring the chemical structure and concentration of the secondary dopants. A
high PF value of 190 uW m™! K2 with simultaneously enhanced S and ¢ performance was
achieved at w/EMIM:SCN 0.25 sample. The superior performance was attributed to the
conductive network with balanced microstructure and molecular structure. The combination
of SAXS and u-FTIR evidenced the conductive network with long-range ordered conductive
paths (LOCP) consisting of packed rod-like microdomains. We first addressed that the
integrity of these LOCP determined the materials’ TE performance except for the well-known
chemical structure. Moreover, the strategy was based on a post-treatment-free solution coating
protocol, which can be easily adapted to the large-scale device fabrication with the established
industry-scale techniques. Furthermore, we demonstrated the application of the
w/EMIM:SCN 0.25 materials in the application of flexible TEG, which generated electricity
by harvesting human heat. All these findings are expected to promote the design and
production of high-performance flexible TEGs and their commercial applications.

4. Experimental Section

4.1. Materials. PEDOT:PSS solid pellets (Orgacon Dry) were purchased from Agfa
Gevaert N.V,, Belgium. 1-ethyl-3-methylimidazolium thiocyanate (EMIM:SCN) and 1-ethyl-
3-methylimidazolium dicyanamide (EMIM:DCA) were purchased from Lanzhou Institute of

Chemical Physics, Chinese Academy of Sciences, China. I-ethyl-3-methylimidazolium
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tricyanomethanide (EMIM:TCM) was purchased from TCI Chemical Industry Development
Co., Ltd (Shanghai, China). 1-ethyl-3-methylimidazolium tetracyanoborate (EMIM:TCB) was
synthesized based on the protocol mentioned in the previous work [24]. Distilled water was
purchased from Watsons (Guangzhou, China). Glass slides (size: 24 mm X 24 mm) were
purchased from Aladdin Bio-Chem Technology Co., LTD (Shanghai, China). Silicon wafer
((100) orientation) was purchased from PlutoSemi Co., Ltd., and used by cutting into small
pieces.

4.2. Sample Preparation. PEDOT:PSS solid pellets were mixed with distilled water to
form 1.3 wt% PEDOT:PSS aqueous dispersions after thorough stirring. Afterwards, ILs were
added to 1 mL of PEDOT:PSS aqueous dispersion at set molar concentration values (i.e.,
0.03, 0.09, 0.13, 0.17, 0.25, 0.33 and 0.49 M), to get the PEDOT:PSS/IL hybrid solution after
vigorously stirring. Note that PEDOT:PSS/IL hybrid was denoted as w/IL n where n indicated
the molar concentration of IL. Typically, w/ EMIM:TCB 0.25 indicates the PEDOT:PSS mixes
with 0.25 M EMIM:TCB. The glass slides or silicon substrates were first cleaned with a
commercial detergent solution and then sequentially sonicated in distilled water, acetone and
ethanol for 10 min each. For the thin film sample preparation, the w/IL solutions were placed
onto glass slides or silicon substrates that first spread at 400 rpm for 18 s and then spin-coated
at 1000 rpm for 60 s, and finally dried under ambient condition (temperature 25 °C and
humidity 65% RH). About 200 puL of the as-prepared w/IL samples were drop casted on the
dried glass substrates and silicon wafers for conductivity and X-ray measurements,
respectively. In addition, the TEG was fabricated by drop-casting the w/IL solution onto the
Kapton film in rectangular shape as n-type legs, which were connected with silver inks and
copper wires (Fig. 6).

4.3. Characterization. Seebeck coefficient (S) measurements were performed at room
temperature with a home-made Peltier heater to control the sample temperature and a Fluke
multimeter 8846A to collect the thermovoltage. In brief, the S value was estimated from the
slope of the linear relationship between thermoelectric voltage and the temperature difference
of the probes, as schematically illustrated in Fig. S10 of the supporting information. Silver
paste (around 1 mm) was top dotted onto the polymer, to stabilize the contact between probes
and polymer film, as mentioned in our recent work [15]. The electrical conductivity was
measured with a digital multimeter (RTS-8, Guangzhou Four Probe Technology Co., Ltd.,
China) by following the four-probe method. The relative humidity was approximately 65%
during the conductivity and Seebeck coefficient measurements. The film thickness values

were determined with a profilometer (Ambios XP-1, USA). The oxidation levels of the w/IL
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samples in solution and dried-film states were characterized with a Lambda 950 (Perkin-
Elmer) UV-vis-NIR spectrometer in transmission mode and a Maya 2000Pro (Ocean Optics)
UV-vis spectrometer in reflection mode, respectively. The Raman spectra of the w/IL films
were characterized with a Raman spectrometer (InVia, Renishaw), based on 1200 line/mm
diffraction grating and 532 nm excitation wavelength. Carrier concentration and carrier
mobility of the w/IL films were characterized with a Hall measuring system (HET-RT,
JouleYacht Technology Co., Ltd.). Grazing-incidence wide-angle X-ray scattering (GIWAXS)
with synchrotron light experiments were carried out at the 1WI1A station of Beijing
Synchrotron Radiation Facility (BSRF, China). The GIWAXS experiments were undertaken
with a Huber 5-circle diffractometer and the scattered signal was collected with a 2D image
plate (MAR-345, USA) at wavelength A = 1.54 A. The incident angle (a;) and sample to
detector distance (SDD) were set to 0.5° and 438 & 1 mm, respectively. The SDD value was
calibrated with a silver behenate standard. The beamsize was 0.7 x 0.4 (H x V) mm?, and the
estimated beam footprint area was 0.7 x 45.8 mm?. The GIWAXS data was analyzed with the
GIXSGUI software package with the scattering vector g= 4n sin(8)/A. Cake cut of the 2D
GIWAXS pattern was performed with the azimuthal range from -20° to 85° (with 0° being the
polar direction of the detector plane). Synchrotron radiation small-angle X-ray scattering
(SAXS) experiments were performed with drop-casted films on glass substrates at the
BL19U?2 station of Shanghai Synchrotron Radiation Facility (SSRF, China), with A = 1.033 A
and SDD = 2210 = 1 mm. The SAXS data was collected with a Pilatus 1M detector, and the

2D image was converted to 1D curve with a BioXTAS RAW software (version 1.6.3) after
background correction, and the 1D data was fitted with a SASfit software package (version
0.94.10). The micro-Fourier transform infrared spectra (u-FTIR) measurements were
performed with an iS50 FTIR spectrometer (Thermo Scientific Nicolet, USA), in conjunction
with a continuum infrared microscope and with a mercury cadmium telluride (MCT-A, 650
cm? cutoff) detector cooled with liquid nitrogen. The range of measurements was set from
4000 to 650 cm™ at a spectral resolution of 8 cm™. The spectra were measured in reflection
mode with 64 scan data averaging statistics and the beam aperture was 10 x 10 pm?. The u-
FTIR measurements were made in the mapping mode, i.e., running individual measurements
in a prespecified grid size (13 x 13 scan positions) in a chosen region of the sample. For the
data analysis, the band of interest (that is 832 cm™) in the IR spectra was chosen for
integration, and an intensity map was generated to show the intensity of the integrated band.

Moreover, the intensity map was correlated back to its position in the measured grid.
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