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Abstract A simple optimizing approach that effectively

improves the thermoelectric performance of poly(3,4-

ethylenedioxylthiophene):poly(styrenesulfonate) (PED-

OT:PSS) films is presented in this paper. The optimizing

process is performed by over-dropping a mixture of

DMSO/NaOH ethanol solution onto the PEDOT:PSS

films, achieving the facile combination of co-solvents

effect and dedoping effect. Largely varied electrical con-

ductivity from 837.2 to 0.04 S cm-1 and the Seebeck

coefficient from 12.6 to 54.8 lV K-1 are observed by

changing the ratios between DMSO and NaOH ethanol

solution. Due to the precise control of the dedoping level

of PEDOT chains, an optimized power factor of

33.04 lW m-1 K-2 is obtained at the ratio of 10:12 in

volume, which is four orders of magnitude higher than that

of the pristine film and more than twice the value of

DMSO-treated one, simultaneously with the correspond-

ing electrical conductivity and Seebeck coefficient being

598.2 S cm-1 and 23.5 lV K-1, respectively. Based on

the measured thermal conductivity of 0.173 W m-1 K-1,

the maximum ZT value is calculated to be 0.057 at room

temperature.

1 Introduction

In the context that the global energy crisis and alarming

environmental problems arise, thermoelectric (TE) mate-

rials have attracted significant interest in recent years due

to their potential for generating power from waste heat [1–

3]. A suitable TE material must be good at conducting

electricity yet poor at conducting heat, the TE performance

is characterized by a dimensionless figure of merit,

expressed by ZT ¼ rS2T=j, where r, S, K and T represent

the electrical conductivity, Seebeck coefficient, thermal

conductivity, and absolute temperature, respectively [3–6].

Relative to conventional inorganic TE materials, conduct-

ing polymers possess unique features for application as TE

materials because of their low density, low cost due to rich

levels of resources, easy synthesis and facile processing

into versatile forms [7].

Among the various organic TE materials investigated,

poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate)

(PEDOT:PSS) as a promising conducting polymer which

exhibits great potential as materials for TE applications has

come to the fore front and has drawn intensive investiga-

tion recent years [8–13]. In 2008, our group firstly reported

the thermoelectric performance of PEDOT:PSS, drawing a

new research hotspot in the field of organic TE materials

[11]. In spite of the intrinsic advantages of PEDOT:PSS,

the conflicting combination among the electrical conduc-

tivity, Seebeck coefficient and the thermal conductivity

imposes limitations on the optimization of ZT, hence its TE

efficiency, however to date, is still much lower than that of

inorganic semiconductor-based TE devices [5, 14, 15]. To

obtain an excellent ZT value at room temperature, in

addition to its intrinsic low thermal conductivity, a high

power factor is also of key importance. Currently, a variety
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of situations have been reported to improve the power

factor thus the TE properties of PEDOT:PSS films, and

they can be summarized as follows: 1st, remarkably

enhanced electrical conductivity with a trivial change in

the Seebeck coefficient by polar solvents treatment such as

DMSO, EG etc. [16–19]. 2nd, a larger Seebeck coefficient

with a relatively not notable electrical conductivity by a

reduction method [20, 21]. 3rd, simultaneous enhancement

in the electrical conductivity and Seebeck coefficient by

post-treatment, mixing approach or blending with inor-

ganic materials etc. [12, 14, 22–24]. 4th, optimization of

power factor by controlling the redox level of PEDOT

chains through a dedoping process [25–27].

Recently, several research groups have reported the TE

enhancement of PEDOT:PSS films by controlling the

dedoping level of PEDOT chains. For example, Tsai et al.

[27] achieved the optimization of power factor of PED-

OT:PSS films by NaOH addition into the polymer solution

(5 vol% DMSO) for the first time. Lee et al. [28] optimized

the oxidation level of PEDOT chains by sequential doping

and dedoping process and obtained a high ZT value of 0.31.

It is worth noting that Kim et al. [12] reported the highest

ZT value of 0.42 for PEDOT:PSS films also by controlling

the oxidation level via a dedoping method. All these recent

significant breakthroughs in the TE performances of

PEDOT came from the optimization method by controlling

the oxidation level, which suggested that this technique

was effective and promising. On the other hand, in a

newly-published literature, Liu et al. [29] systematically

investigated the effect of co-solvents consisting of DMSO

and EG on the TE performances of PEDOT:PSS films. In

fact, as previously reported, [29–33] co-solvents system

has been confirmed to exhibit synergistic effect on physical

properties of materials such as solubility, adsorption,

micellar, liquefaction and electrical conductivity etc. due to

the variation of dielectric constant, cohesive energy, and

hydrogen bonding abilities of the system. Hence, it is

believed that the introduction of co-solvents into the TE

investigation of PEDOT:PSS is an interesting work and full

of expectation.

Considering comprehensively, according to the ideas

above, in this work we utilized a mixture of DMSO and

EtOH which dissolved NaOH as a post-treatment reagent

for the PEDOT:PSS films. Herein, organic DMSO/EtOH

co-solvents and the inorganic base NaOH were acted as a

dopant and dedopant respectively for the turning of elec-

trical conductivity and Seebeck coefficient. Hence we have

facilely combined the co-solvents effect and dedoping

effect. By precisely controlling the dedoping level of

PEDOT chains, we have achieved an optimized power

factor thus the improved TE properties. Furthermore, the

origin and mechanism of the improvement were analyzed

and discussed by various characterization methods.

2 Experimental

2.1 Materials

PEDOT:PSS aqueous solution (CLEVIOS PH1000) was

purchased from H.C. Starck. The concentration of PED-

OT:PSS was 1.3 % by weight, and the weight ratio of PSS

to PEDOT was 2.5. Dimethyl sulfoxide (DMSO), ethanol

and NaOH purchased from Beijing Chemical Plant (Bei-

jing, China). These materials were used without further

purification.

2.2 DMSO/NaOH ethanol solution mixture post-

treatment

Pristine PEDOT:PSS films were prepared from the as-

received PEDOT:PSS solutions by casting them on the

pre-cleaned glass substrates (2 9 2 cm2) then dried in

vacuum oven at 60 �C for 12 h. DMSO/NaOH ethanol

solution (0.125 M) mixtures were prepared by directly

adding DMSO into NaOH ethanol solution. Post-treat-

ment was performed by dropping the above mixtures with

different volume ratios on the surfaces of the polymer

films. After a thermal treatment under 80 �C for 10 h in

ambient atmosphere, the film surfaces were rinsed thor-

oughly with deionized water and dried again for 3 h in a

baking oven. The process of the post-treatment is shown

in Fig. 1.

2.3 Measurements and characterizations

Electrical conductivity and Seebeck coefficient were

measured with a homemade shielded four-point probe

apparatus with a Keithley 2700 Multimeter (Cleveland,

OH, USA) and a regulated DC power supply (MCH-303D-

II, China) in conjunction with Labview (National Instru-

ments, Austin, TX, USA). For electrical conductivity and

Seebeck coefficient measurements, samples were cut into

pieces of a rectangular shape (length, 20.0 mm; width,

4.0 mm) and suspended by using a thermal paste between

two TE devices used for creating temperature difference.

Electrical conductivity was measured by using a current–

voltage (IV) sweeping measurement technique with four-

point probes after four metal lines were patterned with a

silver paint. For the Seebeck coefficient measurement,

temperature gradients along the long edge of the sample

were measured by two T-type thermocouples. The tem-

perature and electrical potential differences are given by

DT ¼ Thot�Tcold; DV ¼ Vcold�Vhot; respectively. The

Seebeck coefficient was calculated by S ¼ �ðDV=DTÞ.
Temperature difference DT of about 5 K was used here in

measurements. For other characterizations, the surface

morphology was captured in tapping mode by Atomic
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Force Microscopy (AFM, Veeco Multimode) and the sur-

face compositions changes of the samples were analyzed

using X-ray photoelectron spectroscopy (XPS, Thermo

ESCALAB 250Xi). UV–Vis absorption spectra were car-

ried out using UV–Vis Spectrophotometer SPECORD

PLUS. Raman spectra were recorded using a Microscopic

confocal Raman spectrometer (Horiba Jobin–Yvon Lab-

RAM HR800) with an excitation length of 532 nm. The

thermal conductivity was measured by TC3010 (Xi’an,

China) using the transient hot wire method. All measure-

ments were performed at room temperature.

3 Results and discussion

3.1 Power factor optimization of PEDOT:PSS films

Figure 2 shows the electrical conductivities, Seebeck

coefficients and the power factors of PEDOT:PSS films

during the optimizing process by DMSO/NaOH ethanol

solution mixtures post treatment. The polymer film post-

treated by single DMSO without NaOH component (10:0

volume ratio) displays an electrical conductivity of

837.2 S cm-1, which is four orders of magnitude higher

than that of pristine film (0.2 S cm-1) and a seebeck

coefficient of 12.6 lV K-1, which is slightly lower than

that of pristine film (13.6 lV K-1). This significantly

enhanced electrical conductivity can be attributed to the

phase separation between PEDOT and PSS chains because

the utilized aprotic polar solvent DMSO with a high

dielectric constant could induce a strong screening effect

between charge carriers and counter ions, leading to the

weakening of the Coulomb interaction between positively

charged PEDOT and negatively charged PSS [26]. The

introduction of NaOH in the form of NaOH ethanol solu-

tion could alternate acid PSS-H with neutralized PSS-Na

thus effectively turning the Seebeck coefficient together

with the electrical conductivity according to their anti-

correlations. In fact, the mixture of DMSO/NaOH ethanol

solution as a post-treatment reagent possesses the capacity

of penetrating into the intermolecular sites between

PEDOT and PSS and then results in a large dedoping

effect. As observed in Fig. 2 (blue line), due to the

dedoping effect, the Seebeck coefficient of PEDOT:PSS

films gradually increases from12.6 to 54.8 lV K-1 as the

volume ratio of NaOH ethanol solution in the mixture

increases, whereas the electrical conductivity shows an

decreasing tendency from 837.2 to 0.04 S cm-1. Although

the two parameters present an opposite tendency, we

believe that such a facile dedoping technique and the

extensive variation in the Seebeck coefficient, as well as

the electrical conductivity, are crucial for understanding

and outlining the desired optimized power factor. Based on

the formula P = rS2, the power factors are calculated and

Fig. 1 Schematic diagram of

the post-treatment process of

PEDOT:PSS films

Fig. 2 Electrical conductivity, Seebeck coefficient and power factor

of PEDOT:PSS films post-treated by DMSO/NaOH ethanol solution

mixture with different volume ratios
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the corresponding curve (red line) is obtained. By varying

the ratios between DMSO and NaOH ethanol solution, an

optimal power factor of 33.04 lW m-1 K-2 appears at the

ratio of 10:12 in volume due to the facile control of the

dedoping level and the corresponding electrical conduc-

tivity and Seebeck coefficient are 598.2 S cm-1 and

23.5 lV K-1, respectively. Note that the obtained power

factor is four orders of magnitude higher than that of the

pristine PEDOT:PSS film as well as more than twice the

value (13.29 lW m-1 K-2) of DMSO post-treated film.

Furthermore, this power factor is also much higher than the

value (19.6 lW m-1 K-2) from NaOH addition approach

as reported by Tsai et al. [27].

3.2 Characterizations and mechanism for the TE

enhancement of PEDOT:PSS films

To obtain information for the mechanism of electrical

conductivity enhancement and to investigate the possible

changes in the morphology and correlation between mor-

phology and electrical conductivity, atomic force micro-

scopy (AFM) characterization was conducted. Generally, it

is believed that the bright and dark regions can be assigned

to PEDOT and PSS phases, respectively [24, 34]. As pre-

sented in Fig. 3, phase image of the pristine PEDOT:PSS

film (Fig. 3a) is less contrastive and indicates that the

PEDOT and PSS chains are uniformly blended, which

leads to a weak phase separation between PEDOT and PSS

hence the quite low electrical conductivity. Whereas a

good phase separation between PEDOT and PSS chains

occurs for the DMSO-treated film. The conducting PEDOT

particles are further exposed and the conducting area

becomes much larger than the pristine film, well confirm-

ing the remarkable electrical conductivity enhancement, as

shown in Fig. 3b. The polymer film treated by DMSO/

NaOH ethanol solution mixture (10:12) (Fig. 3c) also

reveals phase separation relative to pristine film whereas

with the PEDOT grains a bit less aggregated than DMSO-

treated film. Hence the more PEDOT-rich regions effec-

tively promote the electrical conductivity. In addition, the

phase separation between PEDOT and PSS chains can be

further evidenced by the roughening of the surface treated

films relative to the pristine one, as observed in the height

images (Fig. 3a–c) with the roughness (Rq) increasing

from 1.36 nm to 2.52 nm and 2.02 nm.

In PEDOT:PSS, PSS is present in excess, insulator (non-

ionized dopant) and the main reason for the low electrical

conductivity of the commercial PEDOT:PSS. Selective

removal of PSS is one of the mechanisms of electrical

conductivity enhancement. Therefore, following the

Fig. 3 AFM images of pristine PEDOT:PSS film (A, a) and those post-treated by DMSO/NaOH ethanol solution mixtures with different volume

ratios: 10:0 mixture (B, b) and 10:12 mixture (C, c). Upper row: height images; lower row: phase images. Scanning area: 2 lm 9 2 lm
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morphology investigation, the effects of post-treatments on

the surface compositions changes of PEDOT:PSS films

were also analyzed using the X-ray photoelectron spec-

troscopy (XPS) technique. Figure 4a shows the S(2p)

spectra of the pristine and post-treated PEDOT:PSS films.

As observed, two characteristic sulfur (S) 2p peaks are

detectable, the S(2p) peak at the higer binding energy of

167.8 and 169 eV corresponds to the sulphur signal of PSS

and those at lower ones of 164.6 and 163.8 eV originates

from the sulphur signal of PEDOT [35, 36]. Compared to

the pristine film, the ratio of PEDOT to PSS increases for

the films post-treated by DMSO and DMSO/NaOH ethanol

solution mixture (10:12), implying the depletion of the PSS

from the film surface. Additionally, the PEDOT to PSS

ratio of DMSO-treated film is slightly more than the one

treated by the mixture reagent, which is in agreement with

the electrical conductivity enhancement. On the other hand,

as shown in Fig. 4b, an increased Na1s signal from NaOH

is detected in the spectrum of the film by the mixture

(10:12) treatment, indicating the interaction between

NaOH and PSSH, expressed by PSS�Hþ þ NaþOH� !
PSS�Naþ þ H2O, therefore the carrier density decreases

due to the increased amoun of PSS-Na which is poor at

generating the carriers in comparison with PSSH and

consequently introducing an improved Seebeck coefficient

[27].

Raman spectra of pristine film and those post-treated by

DMSO/NaOH solution mixtures with different volume

ratios was performed to better understand the conforma-

tional changes and the effect of the reduction on the

vibrational modes of PEDOT. Generally in Raman spectra,

peak shifting to lower wavenumbers is due to an increase in

the dedoping level and this effect is related to the degree of

backbone deformation during reduction to polarons and

neutral state and the associated transitions between qui-

noid- and benzoid-dominated forms [28, 37]. As shown in

Fig. 5, the strongest band at 1435 cm-1 which is assigned

to the symmetric Ca=Cb (–O) stretching gradually shifts to

a lower wavenumber at 1427 cm-1 simultaneously with a

peak narrowing as the NaOH content in the DMSO/NaOH

solution mixtures increases, indicating the increase in the

dedoping level of PEDOT chains from bipolaron to polaron

or neutral state. In addition, during the dedoping process,

the peak at 1545 cm-1 that can be found in the pristine and

DMSO-treated film becomes weaker or disappeared while

a new peak at 1510 cm-1, which is assigned to the

asymmetric Ca=Cb stretching, is grown for the dedoped

films. Furthermore, the bands at 988, 1126, 1267 and

1364 cm-1 corresponds to the deformations of the oxy-

ethylene ring, the PSS component, Ca=Ca inter-ring

stretching and Cb=Cb stretching, respectively. Particularly,

the observed intensity decrease at 988 and 1126 cm-1

suggest the decrease of the PSS component [5, 28, 38–40].

Figure 6 shows the UV–Vis absorption spectra

(400 * 1100 nm) of the pristine PEDOT:PSS film and

those through various post-treatments. As clearly seen, the

optical spectra change systematically as a function of the

NaOH content in the DMSO/NaOH ethanol solution mix-

ture, indicating the change of the oxidation level of

PEDOT chains. It is reported that the oxidation level is

Fig. 4 XPS spectra of pristine

PEDOT:PSS film and those

post-treated by DMSO/NaOH

ethanol solution mixtures with

different volume ratios. a: S(2p)
spectra and b: Na(1s) spectra

Fig. 5 Raman spectra of pristine PEDOT:PSS film and those post-

treated by DMSO/NaOH ethanol solution mixtures with different

volume ratios
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crucial for the Seebeck coefficient of PEDOT [25]. During

the dedoping process, PEDOT chains undergo three states

(see the inset of Fig. 6), which show characteristic

absorption at different wavelengths: in the near infrared

region for PEDOT2? (bipolaron), around 900 nm for

PEDOT? (polaron) and around 600 nm for the neutral

state, respectively [25, 41–45]. In Fig. 6, the spectra of the

pristine and DMSO post-treated PEDOT:PSS films show a

broad absorption band in the near infrared region (partly

shown here), indicating the dominative role of the

PEDOT2? and no noticeable change is visible between

them. As the volume ratio of NaOH ethanol solution to

DMSO increases (NaOH content increases), the broad IR

absorption background drastically diminishes in intensity

while a broad polaronic transition peak increases at

933 nm, simultaneously a new transition emerges at

620 nm that originates from the absorption of neutral

PEDOT segments of the polymer chains when the NaOH

content is further increased. All these changes in the

spectra suggest the dedoping of PEDOT chains from

bipolaron states to polaron and then to neutral states, thus

leading to the increase in the Seebeck coefficient.

3.3 Thermal conductivity and enhanced ZT value

It is recognized that the thermal conductivity of conducting

polymers is dominated by the phonon transport and con-

ducting polymers intrinsically possess low thermal conduc-

tivity typically ranging from 0.08 to 0.60 W m-1 K-1, which

is beneficial to the ZT enhancement [46–48]. In this work, the

thermal conductivity at room temperature of the films through

post-treatments was measured and listed in Table 1, which

falls in the range of 0.169 * 0.227 W m-1 K-1, approach-

ing to the value of pristine PEDOT:PSS (0.170 W m-1 K-1)

as previously reported [11]Hence, as a general view, the

dedoping method in our work achieves the optimization of

power factor simultaneously maintaining quite low thermal

conductivity, confirming the effectiveness of this technique as

well as the recipe for post-treatment in improving the TE

properties. In addition, according to the obtained optimal

power factor (33.04 lW m-1 K-2) before and the corre-

sponding thermal conductivity (0.173 W m-1 K-1) mea-

sured here, the maximum ZT value is calculated to be 0.057 at

RT, a relatively high value for organic TE materials.

4 Conclusion

In summary, we have reported an optimizing method that

have improved the TE properties of PEDOT:PSS films by

combining organic co-solvents with inorganic base as the

post-treatment reagent, which achieves the facile combi-

nation of co-solvents effect and dedoping effect. By

varying the ratios between DMSO and NaOH ethanol

solution, an optimized ZT of 0.057 at RT is obtained at the

volume ratio of 10:12, a relatively high value for organic

TE materials, simultaneously with the corresponding

electrical conductivity, Seebeck coefficient and thermal

conductivity being 598.2 S cm-1, 23.5 lV K-1 and

0.173 W m-1 K-1, respectively. In addition, the electrical

conductivity enhancement can be attributed to the removal

of PSS insulators and the phase separation between

PEDOT and PSS chains, the concomitant improvement in

the Seebeck coefficient originates from the dedoping of

PEDOT chains, which can be confirmed by various char-

acterizations. All these results suggest that our dedoping

technique is effective and promising for improving the TE

properties of PEDOT:PSS films or other conducting

polymers.
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Fig. 6 UV–Vis spectra of pristine PEDOT:PSS film and those post-

treated by DMSO/NaOH ethanol solution mixtures with different

volume ratios

Table 1 Thermal conductivity of the samples at room temperature in

this work

Sample Thermal

conductivity

(W m-1 K-1)

Refs.

Pristine PEDOT:PSS 0.170 [11]

DMSO-treated PEDOT:PSS 0.227 This work

DMSO/NaOH ethanol solution

mixture(10:12)-treated PEDOT:PSS

0.173 This work

DMSO/NaOH ethanol solution

mixture(10:100)-treated PEDOT:PSS

0.169 This work
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