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Deciphering the superior thermoelectric property of post-
treatment-free PEDOT:PSS/IL hybrid by X-ray and neutron
scattering characterization
Xin Li1, Ruike Zou1, Zhen Liu1, Jitendra Mata 2, Ben Storer 2, Yu Chen3, Weiheng Qi 3,4, Zekun Zhou1 and Peng Zhang 1✉

In this work, a polymer and ionic liquid (IL) hybrid with superior thermoelectric performance is prepared via a system design of the
chemical composition, molar ratio of the constituent molecules and manipulating the structure in solution and dried films. The
solution-casted hybrid film, consisting of poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) and 1-ethyl-3-
methylimidazolium tricyanomethanide (EMIM:TCM), shows the highest power factor of 175 μWm−1 K−2 in the polymer hybrid
prepared by a post-treatment-free method. With a set of complementary structure characterization methods, it is found that EMIM:
TCM can induce the structure reorganization of PEDOT:PSS in solution from a core-shell model to a rod-like model, during which
PEDOT partially separates from PSS that eases the conductive network formation. In addition, the oxidation level of PEDOT:PSS is
reduced by adding EMIM:TCM. Based on which, the PEDOT:PSS/IL hybrid shows the best performance in optimizing the
conductivity (1163 S cm−1) and Seebeck coefficient (38.8 μV K−1) simultaneously.
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INTRODUCTION
Thermoelectric (TE) materials play an important role for the
development of sustainable energy systems because it can
generate electricity using the waste heat from factories, vehicles,
mechanical devices, and even human bodies1,2. Recently, organic
TE materials involving conductive polymer are under intensive
research because of their unique features, including intrinsically
low thermal conductivity, low cost, good mechanical flexibility,
low or no toxicity, and good biocompatibility3. Moreover, their TE
properties are highly tunable with rationally designed synthetic or
fabrication methods, making them promising flexible TE materials
for applications such as wearable and implantable electronics4,5.
However, the performance of organic TE materials is generally
much lower than that of the inorganic counterparts and
generators, which limits their applications.
To improve the TE properties, plenty of organic TE materials

have been developed in the last decades. Especially poly(3,4-
ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS), a
complex of conducting PEDOT doped with insulating PSS, has
attracted considerable research interest since its ease processa-
bility, good conductivity, and excellent biocompatibility. To further
improve the conductivity, the wet-coated PEDOT:PSS usually
needs pre- or post-treatments via secondary doping or solvent
washing, to minimize the content of the isolating PSS compo-
nents. Meanwhile, increasing the Seebeck coefficient values of the
PEDOT:PSS is desired by referring to that the TE materials’
properties are evaluated by a dimensionless figure-of-merit called
ZT= S2σT/κ, where S (μV K−1) is the Seebeck coefficient, σ (S cm−1)
is the electrical conductivity, T (K) stands for the absolute
temperature, and κ (W m−1 K−1) represents the thermal
conductivity6. In addition, considering the intrinsically low thermal

conductivity of PEDOT:PSS, a power factor (PF= S 2σ) is used to
evaluate their TE properties7,8.
To get a high PF value and good TE property, manipulating the

molecular structure of PEDOT:PSS via hybridizing with inorganic
(like Te- or C-based nanomaterials)9–13 and organic components
(such as organic solvent and ionic liquid)14–19 have been generally
reported. Especially, it is demonstrated that hybridizing with ionic
liquids (ILs) could improve both the conductivity and Seebeck
coefficient of the PEDOT:PSS simultaneously19,20. For example, Kee
et al.19 mixed PEDOT:PSS with 1-ethyl-3-methylimidazolium 4,5-
dicyanoimidazolate (EMIM:DCI) and 1-ethyl-3-methylimidazolium
dicyanamide (EMIM:DCA) in aqueous dispersion and prepared a
stretchable PEDOT:PSS film with enhanced electrical conductivity
and Seebeck coefficient (up to 538 S cm−1 and 35 μV K−1,
respectively), comparing to the PEDOT:PSS film with σ ≈ 1 S cm−1

and S ≈ 15 μV K−1. The improved TE performance is ascribed to
that ionic interaction between PEDOT:PSS and ILs promote
microstructure reorganization and facilitates the formation of
interconnected conductive PEDOT networks16,21–23.
To maximize the overall performance of the PEDOT:PSS-based

TE materials, a complex process involving molecular design,
solution structure and conductive network structure in the dried
film manipulation recently has been taken into consideration. For
example, Jang et al.24 designed the molecular structure of IL,
which hybridized with PEDOT:PSS to achieve a 5000-fold
enhancement of conductivity (from 0.4 to 2103 S cm−1). Note-
worthily, the hybridization occurred in solution via solution
supramolecular assembly that endowed the dry film with a higher
amount of π-stacked PEDOT aggregate. Pei’s25 and Chen’s26

groups have also found that the property of conjugate polymer
film can be significantly improved via tuning the solution
supramolecular assembly, which was studied by small angle

1State Key Laboratory of Optoelectronic Materials and Technologies, Key Laboratory for Polymeric Composite and Functional Materials of Ministry of Education, School of
Materials Science and Engineering, Sun Yat-sen University, Guangzhou 510275, China. 2Australian Centre for Neutron Scattering, Australian Nuclear Science and Technology
Organisation, Lucas Heights, NSW 2234, Australia. 3Beijing Synchrotron Radiation Facility, Institute of High Energy Physics, Chinese Academy of Sciences, Beijing 100049, China.
4University of Chinese Academy of Sciences, Beijing 100049, China. ✉email: zhangpeng3@mail.sysu.edu.cn

www.nature.com/npjflexelectron

Published in partnership with Nanjing Tech University

1
2
3
4
5
6
7
8
9
0
()
:,;

http://crossmark.crossref.org/dialog/?doi=10.1038/s41528-022-00138-y&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41528-022-00138-y&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41528-022-00138-y&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41528-022-00138-y&domain=pdf
http://orcid.org/0000-0001-9225-7900
http://orcid.org/0000-0001-9225-7900
http://orcid.org/0000-0001-9225-7900
http://orcid.org/0000-0001-9225-7900
http://orcid.org/0000-0001-9225-7900
http://orcid.org/0000-0001-7075-9045
http://orcid.org/0000-0001-7075-9045
http://orcid.org/0000-0001-7075-9045
http://orcid.org/0000-0001-7075-9045
http://orcid.org/0000-0001-7075-9045
http://orcid.org/0000-0002-2182-1006
http://orcid.org/0000-0002-2182-1006
http://orcid.org/0000-0002-2182-1006
http://orcid.org/0000-0002-2182-1006
http://orcid.org/0000-0002-2182-1006
http://orcid.org/0000-0003-1695-360X
http://orcid.org/0000-0003-1695-360X
http://orcid.org/0000-0003-1695-360X
http://orcid.org/0000-0003-1695-360X
http://orcid.org/0000-0003-1695-360X
https://doi.org/10.1038/s41528-022-00138-y
mailto:zhangpeng3@mail.sysu.edu.cn
www.nature.com/npjflexelectron


X-ray (SAXS) and neutron scattering (SANS)25. Recently, Ju et al.27

attributed the improved TE property of doped PEDTO:PSS to the
formation of an interconnected conductive network in the dried
film, which was correlating to the structure change from initial
core-shell structure of pristine PEDOT:PSS to the rod-like structure
of doped PEDOT:PSS. In addition, plenty of other works have
suggested that highly ordered microstructure28 and condu
ctive network in the dried film can ease the electron transfer for
the enhancement of overall performance23,29. However, a
systematic study of the structure-property correlation among
additive molecular, solution structure, film structure, and TE
property is still elusive, which brings obstacles for further
improving the properties of the PEDOT:PSS-based TE materials.
In the present work, we hybridize the PEDOT:PSS with 1-ethyl-3-

methylimidazolium tricyanomethanide (EMIM:TCM) via a system
design including molar ratio of PEDOT:PSS and EMIM:TCM, the
solution supramolecular assembly and conductive network in the
dried film. Meanwhile, we want to focus on developing a simple
and cost-efficient processing protocol, i.e., post-treatment free,
which skips the cumbersome and sophisticated post-treatments
and especially those with dangerous chemicals. We demonstrate a
superior PF value of 175 μWm−1 K−2, which is, to the best of our
knowledge, higher than the previous reported values in PEDOT:
PSS-based post-treatment-free TE materials. A series of comple-
mentary characterization protocols have been undertaken to
decipher the multiple-length scale structure from the molecular
configuration to the long-range conductive network. We believe
the post-treatment-free sample is a better model system to
explore the correlation of the solution supramolecular assembly
with the molecular packing in the dried film because the post-
treatments usually would change the chemical composition of the
dried film, for example. Our finding demonstrates that the TE
performance of the PEDOT:PSS hybrid film could be further
optimized via a system design of the material, shedding light on
the large-scale production of post-treatment-free TE inks.

RESULTS AND DISCUSSION
TE property of the polymer hybrid
The TE materials were prepared by mixing the PEDOT:PSS with
EMIM:TCM (Fig. 1a) in solution and then spin-coated into thin film.
As shown in Fig. 1b, the PF of the spin-coated and post-treatment-
free PEDOT:PSS/EMIM:TCM thin film is 175 μWm−1 K−2 that is
higher than the previously reported PEDOT:PSS hybrid with PEO14,
ILs17,19, DMSO30, EG31, hydrazine32 or inorganic TE fillers9,10,12,33,34.
Notably, Saxena et al.20 reported a high-record PF value of 167 μW
m−1 K−2 in PEDOT:PSS film through a post-treatment with EMIM:
DCA and THF. By comparison, the as-prepared PEDOT:PSS/EMI:
TCM film exhibits a better performance with PF of 175 μWm−1 K−2

and electrical conductivity of 1163 S cm−1 (Fig. 1c). To the best of
our knowledge, the present PF value is among the highest values
of the post-treatment-free PEDOT:PSS hybrid thin films. In

addition, we should point out that the post-treatment even with
simple water/ethanol washing could further enhance the TE
performance, as demonstrated by Chen et al.35. However,
the post-treatment and its influence on the materials’ perfor-
mance are out the scope of the present work. In the following, we
rationalize the superior TE properties of the as-prepared thin film
from the perspective of system design, including molar ratio of IL,
solution supramolecular assembly, hierarchical conductive net-
work structure in the dried film.

Solution structure study with SAXS and SANS
In the previous work, we have demonstrated that adding ILs or
salts into PEDOT:PSS solution would disturb the charge interac-
tions among PEDOT and PSS ions, and thus changes the
supramolecular assembly of PEDOT:PSS in solution. Similar
phenomenon relating to the solution supramolecular assembly
have also been reported by Pei et al.25 and Lu et al.36. To explore
the structure of solution supramolecular assembly, small-angle X-
ray scattering (SAXS) measurements, allowing structural analysis of
flexible macromolecular systems37,38, were undertaken. As shown
in Fig. 2b, neat PEDOT:PSS shows a shoulder peak at scattering
vector q= 0.03 Å−1, which diminishes with the increase of EMIM:
TCM content. This phenomenon can be rationalized with the fact
that adding IL has redirected the solution supramolecular
assembly of PEDOT:PSS. To get solid information about the
structural change, the SAXS data were fitted with a core-shell
model39 and rod-like model27 (i.e., rigid PEDOT rod coupled with
soft PSS Gaussian random coils) for PEDOT:PSS and PEDOT:PSS/
EMIM:TCM (i.e., w/TCM), respectively. More detailed fitting results
could be found in Supplementary Fig. 1 and Supplementary Note
1 of the Supplementary Information. The fitting results indicate
that the connection of the conductive PEDOT changes from
isolated spheres (Fig. 2a) to interconnected rod-like structures (Fig.
2c), which would ease the hole transfer in long-range. Our
hypothesis is supported by the fact that the resistance value of the
aqueous dispersions decreased from 182 KΩ of PEDOT:PSS to
1.14 KΩ of w/TCM 0.49 (cf. Supplementary Fig. 2 in the
Supplementary Information). Similar results have been reported
independently by Lee et al.23 and Jang et al.24, who argued that IL
changed electrostatic interactions and thus the supramolecular
structure (including the π–π stacking) of PEDOT:PSS. Following
these findings mentioned above, we study the microstructure
change before and after blending with IL with small-angle neutron
scattering (SANS).
SANS is a well-established method for the characterization of

polymer structure in solution by probing directly the temporal and
spatial information of nanostructure or component selectivity via
contrast matching40. SANS combined with SAXS could provide
comprehensive structure information of PEDOT:PSS dispersion41.
Different from the X-ray scattering relying on the electron density
contrast, neutron scattering is based on the neutron-nuclei
interactions and thus different isotopic species could give

Fig. 1 Chemical structures and TE performance of PEDOT:PSS. a Chemical structures of PEDOT:PSS and EMIM:TCM. b, c Comparison of the
as-prepared PEDOT:PSS hybrid in this work with the reported post-treatment-free PEDOT:PSS at power factor (b) and Seebeck coefficient (c).
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different SANS signal. For example, light hydrogen (H) has
different neutron scattering length that leads to different signal
magnitude and sign. Therefore, for the SANS experiments, the
PEDOT:PSS sample was dispersed in deuterated water and more
microstructure information about the impact of IL on the PEDOT:
PSS supramolecular assembly is expected due to contrast
enhancement. To interpret the physical insight of the SANS data

in Fig. 3a, we fit the data with a Broad Peak Model42, which is an
empirical model often used to fit neutral and charged polymer
systems that exhibit electrostatically driven correlation behavior.
The model is defined as

I qð Þ ¼ A
qn

þ C
1þ q� qmaxj jLð Þm þ B (1)

Fig. 3 Solution microstructure of PEDOT:PSS solution. a SANS results of PEDOT:PSS hybrid solutions as a function of the EMIM:TCM content,
with deuterated water as the solvent. Hollow dots with error bar denote raw data and solid lines denote the fitted data with an empirical
model. The error bars of the SANS curves are attributed to the intensity variation of the 2D scattering pattern during radial integration. b The
extracted fitting parameter, indicating the structural change of PEDOT:PSS hybrid as a function of the EMIM:TCM content. Error bars indicate
standard deviations. Note: some error bars are smaller than the plotting symbols. c Schematic illustration of the supramolecular assembly of
PEDOT:PSS/EMIM:TCM hybrid in aqueous solution.

Fig. 2 Solution supramolecular assembly of PEDOT:PSS solution. a, c A microphase-segregated core (PEDOT)-shell (PSS) structure (a) and a
rod-like microstructure (c) consisting of rigid rods and associated soft Gaussian coils, corresponding to PEDOT and PSS molecules, respectively,
were used to fit the SAXS data of PEDOT:PSS hybrid solutions (b). The conductive pathway is schematically illustrated in (c) with dashed
arrows.
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where n is the low-q scaling exponent; m is the high-q scaling
exponent, m reflects the stiffness of the polyelectrolyte chain, the
higher the value, the softer of the chain; qmax is the interchain
correlation peak position; B is the background incoherent
scattering and L is the electrostatic screening length of the
interchain correlation. In addition, the L can be defined as
the averaged distance between a charged segment and the
surrounding segments with opposite charges. For example,
pristine PEDOT:PSS (Supplementary Table 1) has an electrostatic
correlation length L= 37.0 Å. More details about the fitting results
can be found in Supplementary Table 1 and Supplementary Note
2 of the Supplementary Information.
As shown in Fig. 3b, L values of the PEDOT:PSS/EMIM:TCM

hybrid aqueous dispersion decreases first after mixing with a little
of IL and then it increases gradually with the increase of IL
content. A smaller L value corresponds to a shorter charge
screening distance, which derives from the ionic exchange
between PEDOT:PSS and EMIM:TCM, i.e., TCM anions replace the
PSS to combine with the PEDOT, as demonstrated by previous
reports23,24. The TCM anions have smaller volumetric occupation
that could reduce the charge-dominated distance between
adjacent PEDOT microdomains, i.e., L value. However, the PEDOT
chain conformation will be changed with the increase of IL
content, resulting in the increase of L value. Similar phenomena
have been demonstrated in the PEDOT:PSS hybrid with high-
boiling-point solvent41. This conjecture can be rationalized by the
fact that as EMIM:TCM concentration is increased, qmax system-
atically decreases, which represents an increase in the screened
correlation length (d= 2π/q) among rigid charged PEDOT chains.
The changes in polyelectrolyte chains’ conformation can be
further demonstrated by the parameter m and n. m value gets to
the maximum (i.e., m= 2) and n gets to the minimum (cf.
Supplementary Fig. 3 and Supplementary Note 3) when mixing a
few EMIM:TCM (0.03–0.17 M) with PEDOT:PSS, indicating the
PEDOT:PSS chains are in similar conformation with that in theta
condition42. Further increase of the IL content (i.e., 0.25 M to
0.49 M) disturbs the system balance, indicated by both sharp
decrease of m value and increase of n value, since PEDOT chains
agglomerated to form rod-like structure as discussed above.
Accordingly, the resistance of the w/TCM hybrid solution
decreases (cf. Supplementary Fig. 2) which means a new
conductive path formed already via IL-induced structural reorga-
nization and solution supramolecular assembly. Schematic illus-
trations of solution structures are demonstrated in Fig. 3c and
Supplementary Fig. 4. We anticipate that the IL-induced change of
solution supramolecular assembly would have strong impact on
the film structures and thus the TE properties of PEDOT:PSS/IL
hybrid.

Dried thin film study with UV–vis, Raman, and GIWAXS
To prove our hypothesis, we characterized the molecular
conformation and crystalline structure of the spin-coated PEDOT:
PSS/EMIM:TCM hybrid film with UV–vis–NIR spectroscopy, Raman
spectroscopy and grazing-incidence wide-angle X-ray scattering
(GIWAXS) with synchrotron light. It’s generally accepted that the
oxidation level of PEDOT plays vital roles in the TE property, for
example, the higher the oxidation level the lower is the Seebeck
coefficient18,20. In the following, we improved the S value of PEDOT
by manipulating the molar ratio of PEDOT:PSS and EMIM:TCM. To
achieve that goal, we characterized the oxidation level of PEDOT
with UV–vis-NIR spectroscopy (Fig. 4a and Supplementary Fig. 5a).
By referring to the literature, the signal resulting from π–π*
transition of neutral PEDOT and from the polaron, bipolaron states
along the PEDOT chains are marked with arrows at around 600,
900 and above 1250 nm, respectively18,43,44. By comparison, the
signal intensity above 1250 nm decreases with the increase of IL
content, opposite to the signal change at 600 and 900 nm,
indicating that the mixing with IL has reduced the oxidation level
of PEDOT. This conclusion was confirmed by the Raman spectro-
scopy result, as shown in Fig. 4b. IL hybridization narrows the width
of the Raman peak centered at 1429 cm−1, which is assigned to the
symmetric Cα=Cβ stretching vibrations of PEDOT rings45,46. This
phenomenon indicates a dedoping of PEDOT27, agreeing well with
the previous reports on reducing PEDOT with hydrazine47,48.
Raman spectra show the molecular conformation in PEDOT that

plays vital role in the electron conductivity. The Raman peak at
1429 cm−1 was used to judge the influence of IL on the PEDOT
molecular conformation. For example, a red shifting of the peak
signal is found when the IL concentration increases to 0.09 M,
indicating the EDOT conformation changes from an original
benzoid structure with favorite coil conformation to a quinoid
structure with a favorite linear or expanded-coil structure43,49,50.
Moreover, the quinoid structure endows PEDOT high planarity and
eases the stacking of PEDOT chains, leading to fast charge
transport. However, further increase of the IL content incurs the
conformation transition from quinoid to benzoid structure, as
indicated by the shifting of symmetric Cα=Cβ stretching vibration
peak shown in the inset of Fig. 4b and Supplementary Fig. 5b. It’s
supposed that the sharp reduction in the oxidation level of PEDOT
(Fig. 4a) localizes the charge along the PEDOT backbone and thus
reducing the proportion of quinoid structure51,52.
To get more detailed information about the packing of PEDOT

chains, we characterized the film structure with GIWAXS, which is
a well-established protocol to characterize the molecular and
crystalline structure of polymer at surface and beneath layers53–55.
Figure 5a shows the typical 2D GIWAXS patterns that have been
corrected for the “missing wedge” of data along the out-of-plane
direction, a complete set of 2D pattern can be found in
Supplementary Fig. 6 of the Supplementary Material. To interpret

Fig. 4 Molecular conformation of PEDOT:PSS hybrid film. a UV−vis–NIR spectra and b Raman spectra of spin-coated PEDOT:PSS/EMIM:TCM
hybrid thin films. Note that arrows marked with N, P and BP in (a) represent absorption features originating from neutral, polaronic and
bipolaronic states, respectively. An inset consisting of details of the Raman peak shifts as a function of IL content is included in (b).
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the structure change, the 2D patterns were converted into 1D curves
as shown in Fig. 5b. There are three characteristic peaks with q=
0.31 Å−1 (d = 20.27 Å calculated with d= 2π/q), 1.26 Å−1 (d=
4.99 Å), and 1.77 Å−1 (d= 3.55 Å), which are attributed to alternating
stacking of PEDOT and PSS (i.e., type I in Fig. 5c), the amorphous
halo of PSS and π–π stacking of PEDOT, respectively23,56. The peak
position of the PEDOT (100) plane changes from q= 0.31 Å−1 (neat
PEDOT:PSS) through q= 0.40 Å–1 (w/TCM 0.03, d= 15.71 Å) to q=
0.27 Å–1 (w/TCM 0.33, d= 23.27 Å), implying that a proper IL mixing
brings a dense layer packing of PEDOT and PSS and an excess of IL
content leads to the opposite result, which is schematically
illustrated in Fig. 5c. One sharp peak appears at q= 0.61 Å–1 (d=
10.30 Å) when the IL concentration is further increased, which is
ascribed to a new type of layer stacking with alternating PEDOT and
PSS chains (type II in Fig. 5c)29,57,58. Therefore, the type I and type II
layer packing of PEDOT chains determine the conductive network in
dried PEDOT:PSS hybrid film. The smaller is the layer spacing, the
easier is the charge transport among adjacent conjugated chains59.
By comparison with the type I, the type II layer packing eases the
charge transport among adjacent PEDOT chains that means
improved electron conductivity.

Structure-property correlation analysis
π–π stacking of PEDOT is another important part of conductive
network in PEDOT:PSS hybrid film. We investigate the impact of IL
mixing on the π–π stacking of PEDOT based on the GIWAXS data.

As marked in Fig. 5b, the peak position increases first from 1.77 Å–1

(neat PEDOT:PSS) through 1.79 Å–1 (w/TCM 0.03) to 1.82 Å–1 (w/
TCM 0.09) and decreases to 1.78 Å–1 (w/TCM 0.33) through
1.80 Å–1 (w/TCM 0.17). Correspondingly, the π–π stacking distance
(d= 2π/q) decreases from 3.55 Å (neat PEDOT:PSS) through 3.51 Å
(w/TCM 0.03) to 3.45 Å (w/TCM 0.09) and then increases to 3.53 Å
(w/TCM 0.33) through 3.49 Å–1 (w/TCM 0.17). The detailed values
of q and d-spacing are shown in Supplementary Table 2. A
decrease in the π–π stacking distance increases exponentially the
π-electronic overlap and thereby enhances the effective move-
ment of charge carriers27,60,61. This changed crystal stacking
through mixing with IL is consistent with the previous
reports20,23,27,56,58. By referring to the Raman spectroscopy results
as mentioned above, we can have an in-depth understanding of
the IL mixing induced structure change in PEDOT:PSS hybrid film.
The planar quinoid structure helps the adjacent PEDOT chains
form dense π–π stacking; vice versa for the benzoid structure.
Therefore, as schematically illustrated in Fig. 6, the best TE
property could be achieved via balance of electric and thermo-
electrical properties, i.e., hierarchical structure consisting of
oxidation level, molecular conformation, crystal packing and
conductive network. It’s expected that the TE property indicated
by PF= S2σ should reach a maximum at a medium IL concentra-
tion, by balancing the TE and electric conductivities. For example,
the w/TCM 0.17 achieves the best performance in optimizing the
electrical conductivity (1163 S cm−1) and Seebeck coefficient
(38.8 μV K−1) simultaneously.

Fig. 6 Multi-length scale structure of PEDOT:PSS. Schematic diagram of multi-length scale structure of the pristine and IL-mixed PEDOT:
PSS films.

Fig. 5 Crystalline structure of PEDOT:PSS hybrid film. a Typical 2D GIWAXS patterns of PEDOT:PSS/EMIM:TCM hybrid films. b 1D GIWAXS
scattering profiles integrated along cake cuts of the 2D patterns. c Schematic diagram of the lamellar stacking structures of PEDOT:PSS,
extracted from the GIWAXS data analysis.
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To verify our hypothesis, we did a systematic study of the TE
property of PEDOT:PSS hybrid film with different IL content. As
shown in Fig. 7a, the Seebeck coefficient of the hybrid film
increases monotonically with the increase of the EMIM:TCM
content, which comes from a decrease in the oxidation level of
PEDOT. In contrast, as shown in Fig. 7b, the electric conductivity of
the hybrid film reaches a peak value (i.e., 1393 S cm−1) at w/TCM
0.09, which could be rationalized by the formation of the complex
hierarchical structure from oxidation level of PEDOT to conductive
network of PEDOT as mentioned above. By comparison, the PF
value of w/TCM 0.09 (88 μWm−1 K−2, Fig. 7c and Supplementary
Table 3) with S= 25.1 μV K−1, σ= 1393 S cm−1 and PF= S2σ is
lower than that of w/TCM 0.17 (175 μWm−1 K−2) with S= 38.8 μV
K−1 and σ= 1163 S cm−1. Furthermore, the PF value of w/TCM
0.17 sample shows much better (84% retention after 10 days, see
Supplementary Fig. 7 and Supplementary Note 4 of the
Supplementary Materials) environmental stability than that of
pristine PEDOT:PSS (i.e., 59% retention). Our findings are expected
to lay a way to improve the materials’ property via manipulating
the molecular assembly and structure design, which would
promote the application of organic TE devices.
In this work, we demonstrate the successful preparation of a

PEDOT:PSS/EMIM:TCM hybrid with superior TE property, i.e., PF
value of 175 μWm−1 K−2, the conductivity of 1163 S cm−1 and
Seebeck coefficient of 38.8 mV K−1, by a post-treatment-free
method. For one side, the post-treatment-free TE material is
expected to be easily adapted to the industrial scale production
process via slot-die coating, spray coating or roll to roll printing,
promoting the commercialization of PEDOT-based flexible TEs. For
the other side, it serves as a model system to explore the
correlation of the solution supramolecular assembly with the
molecular packing in the dried film without disturbing of the
chemical composition and so on induced by post-treatments.
After a systematic study based on a series of complementary
characterization protocols, i.e., SAXS, SANS, UV–vis–NIR, Roman
spectra and GIWAXS, the superior TE property of PEDOT:PSS/
EMIM:TCM hybrid is attributed to the art of system design
including molar ratio of PEDOT:PSS and EMIM:TCM, the solution
supramolecular assembly and conductive network in the dried
film. These fundamental knowledge would help the design and
preparation of PEDOT:PSS hybrids with superior TE property
and promote their applications in the fast-growing flexible and
wearable device market.

METHODS
Sample preparation
PEDOT:PSS solid pellets (Orgacon Dry, Agfa Gevaert N.V., Belgium) were
mixed with deionized (DI) water to form 1.3 wt% PEDOT:PSS aqueous
dispersions after stirring. Afterwards, 1-ethyl-3-methylimidazolium tricya-
nomethanide (EMIM:TCM, TCI Chemical Industry Development Co., Ltd,
Shanghai, China) was added to 1mL of PEDOT:PSS aqueous to get the
PEDOT:PSS/IL hybrid solution with molar concentration of IL varying from
0.03 to 0.49 M, and then vigorously stirred at room temperature overnight

(denoted as w/TCM X, X is the molar content of EMIM:TCM in the solution).
NOTE: Heavy water (purity: 99.9%, Aladdin) replaced the normal water to
prepare the samples for neutron scattering measurements. The glass
substrates (24mm× 24mm) were sequentially treated with a detergent
solution; sonicated in deionized water, acetone, and ethanol for 10min
each. To prepare the film samples, the as-prepared PEDOT:PSS hybrid
solution were spread at 400 rpm for 18 s and then spin-coated onto glass
substrates at 1000 rpm for 60 s under ambient conditions. Afterwards the
film was dried in oven at 50 °C for 30min.

Characterization
Seebeck coefficient measurements were undertaken at room temperature in
the air with a home-made Peltier heater to control the sample temperature
and a Fluke Multimeter 8846A to collect the thermovoltage. Seebeck
coefficient value was estimated from the slope of the linear relationship
between TE voltage and the temperature gap of the two probes. The
measurements were performed by applying conductive silver paste to the
samples at intervals of 6mm and the diameter of the silver paste spot was
around 1mm (cf. Supplementary Fig. 8). Especially the Seebeck coefficient
value was taken after 8min balancing, to make sure that it was collected in a
steady-state. The electrical conductivity was measured with a digital
multimeter (RTS-8, Guangzhou Four Probe Technology Co., Ltd.) by following
the four-probe method. The relative humidity was ~44% during the
conductivity and Seebeck coefficient measurements and the film thickness
values were determined with a profilometer (Ambios XP-1, USA). The
oxidation levels of the samples were characterized with an Ultraviolet−visible
(UV–vis) absorption spectrometer (SHI-MADZU UV-3600 spectrophotometer)
and an Ultraviolet-visible-near infrared (UV–vis–NIR) absorption spectrometer
(Lambda 950 spectrometer, Perkin-Elmer). The Raman spectra of the films
were obtained with a Raman spectrometer (Xplo RA Plus, HORIBA), equipped
with a solid-state laser, excitation wavelength of 532 nm and diffraction
grating 600/600. SANS data were obtained with the Quokka small-angle
diffractometer at the Australian Nuclear Science and Technology Organiza-
tion (ANSTO, Sydney). The solution sample was held in Hellma quartz cuvette
cell for the SANS measurements62. The wavelength of the neutron was from
5 to 8.1 Å and the sample to detector distance was 1.3, 12, and 20m. The
fitting of SANS data after background subtraction was performed with a
software package in the Igor Pro platform. SAXS experiments were
performed with wavelength of 0.888 Å and the sample to detector distance
(SDD) was 2756mm, equipped with a Pilatus 1M detector, and carried out at
the BL19U2 station of Shanghai Synchrotron Radiation Facility (SSRF, China).
Grazing-incidence wide-angle X-ray scattering (GIWAXS) with synchrotron
light experiments were carried out at the 1W1A station of Beijing
Synchrotron Radiation Facility (BSRF, China). The experiments were under-
taken with a Huber 5-circle diffractometer and the scattered signal was
collected with a 2D image plate (MAR-345, US) at λ= 1.54 Å. The αi and SDD
were set to 0.5° and 438mm, respectively. The SDD value was calibrated with
a silver benenate sample. The GIWAXS data were analyzed with Matlab-
based software GIXSGUI with the scattering vector q= 4π/λ sin(θ)63. Cake cut
of the 2D GIWAXS pattern was performed with the azimuthal range from
−16° to 16° (with 0° being the polar direction of the detector plane).

DATA AVAILABILITY
The authors declare that the data supporting the findings of this study are available
within the paper (and its supplementary information files). Data are available upon
request.

Fig. 7 TE property of PEDOT:PSS/IL hybrid. TE property of PEDOT:PSS hybrid film as a function of the EMIM:TCM content (a) Seebeck
coefficient, (b) electrical conductivity and (c) power factor. Error bars represent standard deviation with at least five times measurement and it
should be noted that some error bars are smaller than the plotting symbols.
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