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SPECIAL TOPIC — Organic and hybrid thermoelectrics

Enhanced thermoelectric performance of PEDOT: PSS films via
ionic liquid post-treatment
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Thermoelectric (TE) energy harvesting can effectively convert waste heat into electricity, which is a crucial tech-
nology to solve energy concerns. As a promising candidate for energy conversion, poly(3,4-ethylenedioxythiophene):
poly (styrene sulfonate) (PEDOT:PSS) has gained significant attention owing to its easy doping, high transparency, and
solution processability. However, the TE performance of PEDOT:PSS still needs to be further enhanced. Herein, differ-
ent approaches have been applied for tuning the TE properties: (i) direct dipping PEDOT:PSS thin films in ionic liquid;
(ii) post-treatment of the films with concentrated sulfuric acid (H,SOy,), and then dipping in ionic liquid. Besides, the
same bis(trifluoromethanesulfonyl)amide (TFSI) anion and different cation salts, including 1-ethyl-3-methylimidazolium
(EMIM™) and lithium (Li™), are selected to study the influence of varying cation types on the TE properties of PEDOT:PSS.
The Seebeck coefficient and electrical conductivity of the PEDOT:PSS film treated with HySO4EMIM:TFSI increase si-
multaneously, and the resulting maximum power factor is 46.7 uW-m~!-K~2, which may be attributed to the ionic liquid
facilitating the rearrangement of the molecular chain of PEDOT. The work provides a reference for the development of

organic films with high TE properties.

Keywords: PEDOT:PSS, ionic liquid, thermoelectric performance

PACS: 73.50.Lw, 78.30.cd, 82.35.Cd

1. Introduction

Approximately 90% of the world’s energy is produced by
burning fossil fuels. The world requirement for energy has led
to a dramatic escalation of social and political turmoil. Fur-
thermore, fossil energy technologies cannot meet the rapidly
growing demand for electricity worldwide. The development
of new energy conversion technologies is urgently needed to
solve these problems. Thermoelectric (TE) material is a sort
of green energy conversion material, which can directly real-
ize the mutual conversion of heat energy and electric energy
using the directional transport of charge carriers inside the
material.['>! Domestic heating, automobile exhaust, and in-
dustrial processes generate large amounts of unutilized waste
heat, which can be converted into electricity by a TE genera-
tor. In general, the performance of TE materials can be evalu-
ated by both the figure-of-merit ZT value (ZT = S>06T /) and
power factor (PF = S?c), where S and o respectively repre-
sent the Seebeck coefficient and electrical conductivity of the
material, T is the absolute temperature, and k stands for the
thermal conductivity.[67]

Recently, organic TE materials, such as polypyr-
role (PPy),®1 polyaniline (PANI),[!*!!] and poly(3,4-
(PEDOT),[12-16]
promise as competitive substitutes for inorganic TE materials

ethylenecdioxythiophene) have shown
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due to their low toxicity, flexibility, and low thermal conduc-
tivity. Among organic TE materials, poly(4-styrenesulfonate)-
doped PEDOT (PEDOT:PSS) has attracted extensive atten-
tion because of its easy doping, high transparency, excel-
lent thermal stability, and solution processability.!!’~1°1 How-
ever, the pristine PEDOT:PSS film has the disadvantage of &
lower than 1 S-cm™!, resulting in its power factor of only
0.01 uWom_1 K2,[20210 Currently, there are varieties of
ways to enhance the TE performance of PEDOT:PSS, includ-
ing removing excess PSS, ?>-24! optimizing PEDOT oxidation
levels,>=2"! and regulating the order of the PEDOT molecular
chain.?®2% Luo et al.!*?! reported that the ¢ of PEDOT:PSS
films increased from 0.2 S-cm™! to 90 S-cm™~! with dimethyl
sulfoxide (DMSO) and ethylene glycol (EG) as secondary
dopants, and the S did not change significantly. The increase
in conductivity is due to the shielding effect caused by the po-
lar solvent, which reduces the Coulomb interaction between
PEDOT and counter-anion PSS. Li ez al.*>! investigated the
combination of polyethylenimine ethoxylated (PEIE) and sul-
furic acid (H>SOy,) to adjust the oxidation level of PEDOT:PSS
and to improve the TE performance. Nonetheless, the regu-
lation of oxidation level will not result in the simultaneous
increase of S and o, and the two always change in inverse
proportion.

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn

027302-1


http://dx.doi.org/10.1088/1674-1056/ac2487
mailto:lixuejing16@163.com
mailto:jiangql@scut.edu.cn
http://iopscience.iop.org/cpb
http://cpb.iphy.ac.cn

Chin. Phys. B 31, 027302 (2022)

Tonic liquids (ILs) have received particular attention due
to their high thermal stability, unique structure, and electro-
chemical properties.[**3!1 Especially, ILs combine the ion-
exchange effect and the high-boiling solvent effect to provide
o enhancement while also improving S. Liu er al.’?! stud-
ied the simultaneous improvement of ¢ and S of PEDOT:PSS
films with two kinds of 1-butyl-3-methylimidazolium (BMIM)
cationic-based ILs as dopants. The increase in the Seebeck co-
efficient may be due to ion exchange reactions similar to inor-
ganic salt additives.**34 Subsequently, Kee et al.!*! reported
the composite films of PEDOT:PSS and a series of ILs based
on the same 1-ethyl-3-methylimidazolium (EMIM) cation and
revealed that ILs with small binding energy make the counter-
ion exchange reaction thermodynamically stable in the mixed
solution. The substitution of counter-ions alters the environ-
ment for molecular interaction around the PEDOT chain, re-
sulting in molecular stacking and rearrangement, forming a
highly ordered PEDOT chain with nanofibrillar structure, and
promoting electron transfer. However, to our knowledge, the
effect of PEDOT:PSS film post-treatment with ILs of different
cations on its TE properties has not been explored yet.

In this work, the PEDOT:PSS film was prepared by
direct dilution-filtration. To study the influence of differ-
ent cation types on the TE properties of PEDOT:PSS, the
same bis(trifluoromethanesulfonyl)amide (TFSI) anion and
two other cation salts, including EMIM™ and lithium (Li™),
were selected, as shown in Fig. 1. The effects of dipping ILs at
various times on the TE performance of the PEDOT:PSS films
before and after concentrated sulfuric acid treatment were
investigated. The changes in the microstructure, electronic
structure, and chemical composition of the films were de-
tected by atomic force microscopy (AFM), ultraviolet-visible
(UV-vis), and x-ray photoelectron spectroscopy (XPS), re-
spectively. This work provides a reference for the development
of organic films with high thermoelectric properties.

2. Experimental details
2.1. Materials

PEDOT:PSS (Clevios PH 1000) aqueous solution, anhy-
drous ethanol, and sulfuric acid (H,SOg4; 98%) were obtained

W ANNZ
Xogl S O//\CF3

O O
_/
SO,
PEDOT:PSS

Li:TFSI

from HC Stark, Sinopharm Chemical Reagent Co. Ltd, and
Xilong Chemical Co., Ltd., respectively. EMIM:TFSI and
Li: TFSI were acquired from J&K Scientific Ltd.

2.2. Preparation of PEDOT:PSS film

PEDOT:PSS film was fabricated via the dilution-filtration
method based on our previous report.*®! In short, anhydrous
ethanol was selected as the dilution solvent, 200 uL PE-
DOT:PSS and 5 mL ethanol were mixed, and the PEDOT:PSS
film was obtained by vacuum filtration of poly (vinylidene flu-
oride) membrane (pore size: 0.45 uW).

2.3. ILs post-treatment

EMIM:TFSI and Li:TFSI aqueous solutions with a con-
centration of 5 g-L~! were prepared, and the PEDOT:PSS
films were immersed in two solutions for different treatment
time (1, 2.5, 5, and 10 min). Subsequently, after rinsing with
deionized water three times, it was dried at 120 °C for 15 min.

To further promote the TE performance of the films, post-
treatment of the filtering PEDOT:PSS films with concentrated
sulfuric acid (H,SO4) for 15 min, after washing three times
with deionized water, and then dipping in ionic liquid. The
above ILs post-treatment steps were repeated.

2.4. Characterizations

The microstructure, electronic structure, and chemical
composition of the as-prepared products were detected by
AFM (Veeco Multimode, and Plainview, NY), UV-vis spectra
(Agilent 8454 spectrophotometer), and XPS (Thermo Fisher
Scientific: Escalab 250Xi), respectively. All characteriza-
tions were performed on PEDOT:PSS films dipped in ionic
liquid for 2.5 min. The thickness of the sample was mea-
sured with a digital thickness gauge. The film thickness was
459.3£25.5 nm. The S and o of the PEDOT:PSS films were
investigated with Keithley 2401 systems and the four-probe
method. The Seebeck coefficient can be evaluated according
to S = —AV /AT (AT and AV respectively represent the tem-
perature gradient and voltage difference of the films in the ax-
ial direction).

o - 0
N\ N
F,c” \\O O//\CF3

EMIM:TFSI

Fig. 1. Chemical structures of PEDOT:PSS and ILs.
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3. Results and discussion
3.1. Material characterizations

The micromorphology of PEDOT:PSS film is character-
ized by AFM. The organic solvent makes the PEDOT:PSS
film prepared by dilution-filtration to show good phase separa-
tion (Figs. 2(a) and 2(f)). The conductive particle distribution
is relatively uniform (RMS = 1.55 nm), showing a relatively
smooth film surface consistent with the previous report. 3% Af-
ter Li:TFSI and EMIM:TFSI dipping, the surface of the cor-
responding films is flatter and smoother with reduced rough-
ness of 1.35 nm and 1.42 nm, which may be attributed to PE-
DOT:PSS molecular chain rearrangement caused by the ionic

0.0 Phase 1.0 pm 0.0 Phase

Height

1.0 pm 0.0 Phase

liquid. The PEDOT:PSS film treated with H,SO4-Li: TFSI
has a significant increase in roughness to RMS = 1.95 nm,
and the surface of the film presents a fibrous structure with
many fine particles (Figs. 2(d) and 2(i)). This is because
the PSS enriched on the surface is partially removed after
H,SO4 post-treatment, which leads to exposure of more PE-
DOT molecular chains.?” H;SO4-EMIM:TESI post-treated
film (RMS = 1.94 nm) has similar roughness to the film after
H,SO4-Li: TFSI treatment, while it can be seen from Figs. 2(e)
and 2(j) that HySO4-EMIM:TFSI post-treated PEDOT:PSS
film has a more obvious aggregation of conductive PEDOT
particles, which is beneficial to the transport of carriers.

1.0 um 0.0 Height 1.0 pm

1.0 pm 0.0 Phase 1.0 um 0.0 Phase 1.0 um

Fig. 2. AFM images of PEDOT:PSS nanofilms obtained by direct filtration (a), (f); TFSI:Li dipping (b), (g), EMIM:TFSI dipping (c), (h), H>SO4-
TFSI:Li dipping (d), (i), and H,SO4-EMIM:TFSI dipping (e), (j). (a)—(e) topographic images and (f)—(j) phase images.

In addition to the investigation of AFM, UV-vis spec-
troscopy is another effective way to investigate the effect of
ILs post-treatment. The two absorption bands at 195.8 nm and
226.4 nm in Fig. 3(a) are attributed to the electronic transitions
of —SO; and C=C in PSS. The decrease in their strength indi-
cates the loss of PSS of the PEDOT:PSS film.[?8! Note that,
a significantly decreased absorption intensity from PSS for
H,S0O4 post-treated PEDOT:PSS films is presented, illustrat-
ing the part removal of PSS from PEDOT:PSS thin films after
post-treated with H»SO4. Interestingly, this phenomenon is
more evident for HySO4-TFSI:Li (H,SO4-EMIM:TFSI) post-
treated PEDOT:PSS films, which may be attributed to the
exchange of anions between ILs and PEDOT:PSS. Further,
changes in the oxidation levels of PEDOT are also discov-
ered in Fig. 3(b). The broad absorption peak in the near-
infrared region is the bipolaron state of the PEDOT chain
(PEDOT?"), which can be gradually dedoping to the polaron
state (PEDOT™) with absorption at about 900 nm and the neu-
tral state (PEDOT) with absorption at about 600 nm.**! For
the filtering PEDOT:PSS films, a broad absorption peak at
the nearinfrared region is presented from the absorption of
PEDOT?*, but another absorption from PEDOT™" can also
be observed for the only ILs post-treated PEDOT:PSS thin
films, meaning reduced oxidation level. Following, H,SO4

and H,SO4TFSI:Li treated PEDOT:PSS films exhibit both po-
laronic and neutral species. In contrast to this, the absorption
behavior of PEDOT:PSS film after H,SO4-EMIM: TFSI treat-
ment has no change. A possible explanation for these trends
may be given by the characteristics of the cations used. Com-
pared with EMIM cations, the monoatomic properties of Li
cations lead to smaller sizes. Salts with small size and high
cation mobility are expected to change molecular structure
significantly. [40]

The changes of the surface chemical composition of
the PEDOT:PSS films are studied by XPS. Survey scans
(Fig. 4(a)) of the as-prepared samples show the presence
of F, O, N, C, and S elements, and further, the N 1s inten-
sity is higher for the films treated with EMIM:TFSI. This
observation confirms the interaction between imidazolium
cation and PEDOT:PSS. Furthermore, no TFSI anions re-
main in the films treated with EMIM:TFSI (TFSI:Li). The
intensity of F 1s in Fig. 4(b) also confirms that the films
After H,SO4
treatment, the Coulomb interaction between PEDOT and

treated with ILs have no residual anions.

PSS is weakened, making anion exchange easier. Accord-
ing to the intensity of F Is, it can be inferred that the an-
ion exchange degree of the film treated with H»SO4-TFSI:Li

027302-3
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Fig. 3. UV-vis spectra of the PEDOT:PSS nanofilms with different dipping methods.
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Fig. 4. XPS of the PEDOT:PSS nanofilms with different dipping methods. (a) XPS general scan; (b) F 1s spectra; and (c), (d) S 2p spectra.

is greater than that of the film treated with H;SOj4-
EMIM:TFSI, which may be due to the easy realization
of effective anion exchange in the ILs composed of small
cations. 41! Figures 4(c) and 4(d) show that the XPS peaks at
~ 164.9 eV correspond to the S atoms in PEDOT, and higher
binding energies at 168.2 eV and 169.3 eV correspond to the
S atom in the PSS.[*>*3! After the ionic liquid treatment, the
proportion of PEDOT and PSS did not alter. Still, the peaks of
PEDOT and PSS moved to the higher binding energy, sug-
gesting the reduction in the doping level by ILs treatment,
which is consistent with the results of UV-vis spectra. This
shift has also been observed in the study of Yemata et al.[**]
Compared with the one-step treatment with ILs, the PEDOT

peak intensity of the films treated with H,SO4-EMIM:TFSI or
H,SO4-TFSI:Li increases, indicating that the PSS is partially
removed.

3.2. TE performance of PEDOT:PSS film

Figure 5 shows the TE properties of the films treated
by TFSILLi, EMIM:TFSI, H,SO4-TFSI:Li, and H;SOg4-
EMIM:TFSI, respectively. The ionic liquid treatment presents
very similar results (Figs. 5(a) and 5(b)). The decrease of ¢
is accompanied by the increase of S, which is consistent with
the reduction of oxidation level of PEDOT:PSS after ionic lig-
uid post-treatment confirmed by UV-vis spectra. The power
factor of the PEDOT:PSS films reaches the optimal value un-
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der a specific oxidation state, and ¢ tends to decrease with
the increase of S at a lower oxidation level, similar to the
previous report.[*3] At a dipping time of 2.5 min, the opti-
mized power is 25.3 uW-m~!.K~2 for the TFSI:Li treated film
and 21 pW-m~1-K~2 for the EMIM:TFSI. Additionally, the
o of PEDOT:PSS films after EMIM:TFSI post-treatment de-
creased first and then increased slightly. The increase in &
may be because the ionic liquid promotes the rearrangement
of the PEDOT molecular chain.[*”) To make the ILs interact
with PEDOT:PSS more obviously, PEDOT:PSS films are pre-
immersed with HySO4. After HySO4 treatment, the Coulom-
bic effect between PEDOT and PSS is weakened, making

(a) 700 30 430
—0—0
—0—38
N Hor
600 - % d25
. | /\i\i =)
2 500 |- 420
) 1 Za
S ¥ e »
400 - 115 118
1 {15
300 Lt . . . . P
0 2 4 6 8 10
t (min)
(b) 700
o d27 a7
—0— S —
—A— ¢S o
P 7 a2
£ °ﬂ\ X {n g
9 500 1 A 21 > .
2 =118 gl
S L g e
400 - ¥ S— 145 @
115 q12
300 L . . . . .
0 1 2 3 4 5
t (min)

P (uW-m™.K?)

it easier to achieve ion exchange. Subsequently, the o of
the film decreases remarkably after being treated in TFSI:Li
and improves notably with the increase of the dipping time
in Fig. 5(c). The best treatment time is 5 min, ¢ and S
reach 1057 S-cm™! and 18.9 uV-K~!, respectively. And
the maximum power factor can achieve 40.2 pW~m’1'K’2,
which is about two times higher than that without HySO4 pre-
treatment. The simultaneous increase of ¢ and S for HySOy4-
EMIM:TFSI treated PEDOT:PSS films is consistent with pre-
vious reports.[*#’l The maximum power factor is increased
to 46.7 pLW-m’1 K2, which may be attributed to the IL facil-
itating the rearrangement of the molecular chain of PEDOT.

(c) 1500 — 30
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N
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IS % x .
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Fig. 5. TE performance of PEDOT:PSS nanofilms depending on the dipping time in TFSI:Li (a), EMIM:TFSI (b), H>SO4-TFSI:Li (¢), and H,SO4-

EMIM:TFSI (d).

4. Conclusions

In summary, PEDOT:PSS film was prepared via vacuum
TFSI:Li and EMIM:TFSI
with the same anion were selected as ionexchange agents to
explore the effects of ILs with different cations on the TE
properties of PEDOT:PSS. Further, the TE performance of
the films depending on the dipping time at room tempera-

filtration and H,SOy4 treatment.

ture was measured. The results show that the influence of
ILs on the TE properties of PEDOT:PSS is dissimilar due to
the different degree of ion exchange between diverse cation
types of ILs and PEDOT:PSS. Furthermore, the ¢ and S of the
PEDOT:PSS film treated with H,SO4-EMIM:TFSI increase
simultaneously, and the resulting maximum power factor is
46.7 uW-m~'-K~2. The current work will contribute to de-
veloping high-performance thin films and TE materials in the
future.
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