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Poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) is one of most prominent organic
conductive polymer-based thermoelectric (TE) materials. Numerous combinations of doping and dedoping
processes have been demonstrated to optimize the doping level of PEDOT:PSS films, and subsequently
enhance electrical conductivity (¢) and Seebeck coefficient (S) of PEDOT:PSS films. This work established
that binary post-treatment with nitric acid and imidazolium-based ionic liquids improved the ¢ and S. The
o of PEDOT:PSS film was significantly improved from 0.30 to 1260 + 61 S cm™ and its corresponding S
was simultaneously increased from 16 + 1.2 to 34.8 + 1.8 uV K™%, giving rise to a power factor of 152 +
11.2 yW m™! K~2 at optimal conditions. The thermal conductivity () concurrently declined from 0.6 to
0.3 W m™ K™! for the untreated and treated PEDOT:PSS films, correspondingly, achieving a figure of
merit (ZT) value of ~0.12 at 300 K. The TE performance enhancement of PEDOT:PSS films was largely
attributable to the change in the doping level of PEDOT as evidenced by the overall increase in mobility
and carrier concentration, and hence resulted in concurrent increase in the ¢ and S, which were
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corroborated by different characterization methods. Studies on long-term stability of PEDOT:PSS films
at 70 °C and 75% RH for 20 days showed that more than 85% ¢ and S was retained, showing potential
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1. Introduction

The emerging global need for a variety of efficient energy-
harvesting materials has been quickly increasing because of
the significant industrialization and gradual depletion of fossil
fuels. Recently, TE materials that convert thermal energy into
electricity, and vice versa, have been paid a great deal of
attention."” TE modules play a vital role in sustainable develop-
ment as they enable direct conversion between thermal energy
and electrical energy by employing holes and electrons
as energy transport carriers. Traditional TE materials are pre-
dominantly based on inorganic bulk material, for example,
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applications for this binary post-treatment method.

PbTe-based compounds®* and Bi,Te;-based alloys.”® However,
they have a few drawbacks such as some toxicity, high-cost,
non-flexibility and relatively large thermal conductivity.” In
general, these inorganic materials are mainly applied with rigid
bulk forms, making it difficult to be used on curved surfaces.
Moreover, PbTe-based materials perform efficiently only at high
temperatures and are not appropriate for harvesting low-
temperature waste heat. Nevertheless, huge amounts of low-
grade waste heat, 7.e. the temperature of less than 200 °C,* % is
generated by various processes. Hence, conductive polymer TE
materials with potential to provide high TE conversion effi-
ciency at low temperature have attracted much attention in
harvesting vast quantities of low-temperature waste heat."* This
is because conductive polymer TE materials possess intrinsi-
cally low x, big o, large-area fabrication, easy preparation,
affordable cost as well as mass production.'?

Recently, among the conductive polymer-based TE materials,
PEDOT:PSS is in particular attractive due to its excellent thermal
stability, good water processability, superior flexibility and
high ¢. However, a plethora of obstacles for this material have
to be solved before extensive TE applications. For example,
both the ¢ and the S of PEDOT:PSS need further enhancement
to accomplish good TE performance.’® Several approaches have
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been reported such as post treatment with ethylene glycol
and dimethyl sulfoxide,'* a sequential dipping process using
polyethylenimine ethoxylated/ethylene glycol and H,SO,,*°
dimethyl sulfoxide-vapor annealing'® and PEDOT:PSS/MoS,
thin film with 4 wt% MoS, exfoliated in an N,N-dimethyl-
formamide (DMF) solution.’”” The magnitude of TE materials’
conversion efficiency is defined as a unitless quantity, the
figure of merit (27), ZT = S’¢T/x. In many cases, TE perfor-
mance of a material can be assessed using power factor
(PF = $%¢) and it acts as an alternative to ZT when the TE material
has a very low k. Both high PF and a low k are necessary to obtain
a big ZT value, but the conflicting relationship between the ¢ and
S limits the further improvement of ZT. As a whole, high charge
carrier concentration () and/or high carrier mobility (1) enable
to achieve a high ¢ value. However, a high n value tends to
decrease the S."*° It has been demonstrated that the ¢ value
of PEDOT:PSS films could be greatly enhanced through a
variety of post-treatment approaches.®*'° These post-treatment
approaches increase the amount of n and bipolarons which are
the predominant charge carriers, but a large degree of the doping
level usually leads to reduction in the S on account of the presence
of additional charge carriers.*’ Therefore, apposite approaches
that are able to improve the S are strongly required. Furthermore,
earlier investigation established that the PF could be enhanced by
modulating the oxidation level via a chemical post-treatment
means,*** achieving the optimization of TE properties via the
modulation of the n value. For example, Lee et al studied a
multiple-step post-treatment method by employing ultrafiltration
and dedoping PEDOT:PSS with hydrazine (NH,NH,), and even-
tually a maximum PF of 115.5 pW m~* K2 was achieved.** Also,
Park’s group described that PEDOT:PSS film underwent treatment
with a mixture of dimethyl sulfoxide and NH,NH, to afford a PF of
112 yW m~ " K 2*' Fan et al posttreated the PEDOT:PSS
films with H,SO, and NaOH, resulting in an enhanced PF of
334 yW m ' K2 at ambient temperature.®® In their recent work,
they used ionic liquid to treat PEDOT:PSS films, and obtained
an extremely high PF of 754 yW m~" K 2,*® being much greater
than that obtained by Saxena et al using a same ionic liquid
(PF =170 uW m ™' K~ *).*” Recently, we reported a series of work
on post-treatment of PEDOT:PSS film using a combination of
chemicals including a variety of reagents such as formamide,®
formic acid,®® trifluoroacetic acid,'® trifluoromethanesulfonic
acid,”® hydrazine,*® formaldehyde sulfoxylate** and ionic
liquid.*® For example, PEDOT:PSS films were post-treated with
formamide and ionic liquids, and it was found that treatment
only marginally had effect on the ¢ but remarkably increased
the S, achieving an overall PF up to ~239.2 pW m ' K 2.%°

In addition to having outstanding TE performance, excellent
long-term environmental stability is necessary for PEDOT:PSS
film to be applied for useful TE modules,*'™** but limited
studies have been reported. In this paper, we reported binary
post-treatment with nitric acid (HNO;) and ionic liquid to
improve the ¢ and S values of PEDOT-PSS films as well as its
environmental stability. Additionally, we chose one type of ionic
liquid 1-butyl-3-methylimidazolium (bmim) with two different
anions (trifluoromethanesulfonate (OTf) and tetrafluoroborate
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(BF,)). Upon binary post-treatment of HNO; and bmim-OTf
in methanol, a highest PF of 152 + 11.2 pyW m ' K > was
achieved.

2. Experimental

2.1. Materials

PEDOT : PSS suspension with a weight ratio of PEDOT to PSS of
1:2.5 and the weight concentration of PEDOT:PSS of 1.3%
(Clevios PH 1000) was purchased from Heraeus. HNO; (70%)
and ionic liquids ([bmim][OT{]) and [bmim][BF,] were bought
from Sigma-Aldrich. Other chemicals and reagents were used
as received. Scheme 1 illustrates chemical structures of PED-
OT:PSS and ionic liquids.

2.2. Sample preparation

Scheme 2 illustrates the overall procedures of film fabrication
and post-treatment of PEDOT:PSS film. The pre-treatment of
glass substrates and film preparation of the untreated PEDOT:PSS
was conducted according to the reported procedures.>**

2.2.1. HNO; post-treatment. HNO; (100 pl) was poured
onto the PEDOT:PSS film at ambient temperature. After 10 minutes,
the film was dried by passing N, gas.*®*” Next, the films were
immersed into the deionized H,O for three times to remove
the excess HNO; absorbed on the film surface. Finally, the
resultant film was dried at 140 °C in an oven to take away the
residual H,O.

2.2.2. Ionic liquid post-treatment. Ionic liquids post-
treatment was conducted at ambient temperature according
to our reported method.* The details of PEDOT:PSS film
preparation and subsequent post-treatment with HNO; and
ionic liquids are summarized in Fig. S1 (ESIt).

2.2.3. Instrumentation. The film thickness was measured
on a KLA-Tencor P-10 surface profiler. The ¢ of the PEDOT:PSS
films was measured on a Laresta-GP MCP-T610 from Mitsubishi
Chemical using the four-point probe method (Fig. S2, ESIt). The S
of the PEDOT:PSS films were measured on a home-made setup
according to our previous reported procedures (Fig. S3, ESIT).>**>
Hall measurements including the u and n values were conducted
on an Ecopia HMS-5000. Raman spectroscopy was obtained on a
Renisha Raman system. UV-vis-NIR absorption spectra were
recorded on a Shimadzu UV-vis spectrophotometer UV-3600.

}

_3 SOsH SOzH SOzH so3

SO;H .
N+ CF3S0;

Scheme 1 Chemical structures of PEDOT:PSS, 1-ethyl-3-methyl-
imidazolium (bmim) tetrafluoroborate and 1-butyl-3-methylimidazolium
trifluoromethanesulfonate.

This journal is © The Royal Society of Chemistry 2020
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Scheme 2 Schematic illustration of fabrication of PEDOT:PSS films and its post-treatment.
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the ¢ and S were studied. The untreated PEDOT:PSS film
exhibited a small ¢ value of ~0.03 £ 0.003 S em ' and an
S value of ~17.5 & 1.6 uV K '. Post-treatment of PEDOT:PSS
film with HNOj; for three times (designated as N-PEDOT:PSS,
thereafter) resulted in an significant enhancement in the ¢ from
0.03 to 3200 + 89 S cm ', which approximately matches
previously published data,"**® and the S value is merely margin-
ally reduced from 17.5 + 1.6 to 16.0 + 1.2 uv K '. The
N-PEDOT:PSS film was then subject to a similar treatment with
ionic liquid to improve the S value. The o, S, and PF values of the
untreated, N-PEDOT:PSS, [bmim][BF,]-N-PEDOT:PSS and [bmi-
m][OT{]-N-PEDOT:PSS films are summarized in Fig. 1 as well as
in Table S1 (ESIT). From the Fig. 1, it was found that the PF was
increased to 76.0 & 5.3 W m ™' K2 for the N-PEDOT:PSS film,
mainly attributable to the remarkably enhanced ¢ value.*®*
The N-PEDOT:PSS film treated with an ionic liquid [bmim][OTf]
or [bmim][BF,] caused the decline in ¢ value from 3200 + 89 to
1260 + 61 and 1188 + 45 S cm ', respectively. The S of the
N-PEDOT:PSS film was 16 + 1.2 uv K !, which was faintly smaller
than that of the untreated PEDOT:PSS film. However, the S was
greatly increased to 34.8 + 1.8 and 33.9 + 1.9 uv K for the
N-PEDOT:PSS films treated with [bmim][OTf] and [bmim][BF,],
respectively. The N-PEDOT:PSS films dedoped with [bmim][OT{]

This journal is © The Royal Society of Chemistry 2020

Treatment Chemicals

Fig.1 The o, S and PF of the untreated, N-PEDOT:PSS, [bmim][OTf]-N-
PEDOT:PSS and [bmim][BF4]-N-PEDOT:PSS films.

and [bmim|[BF,] exhibited both increase in ¢ and S in comparison
with the untreated PEDOT:PSS film, thus resulting in an
enhanced PF. The highest PFs of ~152 + 11.2 and 137 +
12.5 y4W m ™' K~ 2 were obtained from [bmim][OTf]-N-PEDOT:PSS
and [bmim][BF,]-N-PEDOT:PSS, respectively. The two PF values
obtained from both HNO; and ionic liquid treatment are com-
parable favourably to these reported in literatures (Table S2,
ESI'{').34’49_51

3.2. Characterization of TE properties of PEDOT:PSS films

To understand the mechanism of the enhanced thermoelectric
properties, the untreated, N-PEDOT:PSS, [bmim][OTf]-N-
PEDOT:PSS and [bmim][BF,]-N-PEDOT:PSS films were further
characterized by UV-vis-NIR absorption spectroscopy, X-ray
photoemission spectroscopy (XPS), Raman spectroscopy, X-ray
diffraction (XRD) and atomic force microscopy (AFM).

The UV-vis absorption spectra and XPS spectra of the
untreated, HNO; and ionic liquid-treated PEDOT:PSS films were

Mater. Adv., 2020, 1, 3233-3242 | 3235
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spectra of untreated, N-PEDOT:PSS and [bmim][OTf]-N-PEDOT:PSS films.

given in Fig. 2. The shoulder absorption peak centred at 225 nm
corresponds to the phenyl groups of the PSS (Fig. 2a). The decline
in the intensity of this absorption peak of the N-PEDOT:PSS,
[bmim][OTf]-N-PEDOT:PSS and [bmim][BF,]-N-PEDOT:PSS films
showed the loss of PSS from the films which is in accordance with
previous report.” To further confirm the removal of PSS from the
untreated PEDOT:PSS, N-PEDOT:PSS and [bmim]OTf]-N-
PEDOT:PSS films, the X-ray photoemission spectra of S,p core
levels were characterized (Fig. 2b). The doublet peaks with bind-
ing energy in the range of 163 and 167 eV are ascribed to the S 2p
signal of the sulphur atoms in PEDOT, whereas the XPS peaks
with binding energy from 167 and 170 eV correspond to the S 2p
signal of the sulphur atoms in -SO;H of PSS (Fig. S4, ESIt).>%*%>?
It was noteworthy that, compared with PSS, the relative intensity
of S 2p in PEDOT significantly enlarged because of the loss of PSS
in the N-PEDOT:PSS and [bmim][OTf]-N-PEDOT:PSS films.>* Com-
pared with HNO; treated sample, the S 2p signals of the PEDOT
film after dedoping with [bmim][OTf] slightly moved to the lower
binding energy correspondingly, signifying the reduction in the
doping level after treatment with [bmim][OTf] in conductive poly-
mers unvaryingly causes a reduced ¢>* compared to films treated
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(a) UV-vis absorbance spectra of untreated, N-PEDOT:PSS, [bmim][OTf]-N-PEDOT:PSS and [bmim][BF4]-N-PEDOT:PSS films. (b) S 2p XPS

with HNO;. Since the S increases at a lower doping level, the ¢ has
a tendency to decrease, and the PF of PEDOT:PSS film can attain
its optimal value at a particular doping level.

UV-vis-NIR absorption spectra of the untreated,
N-PEDOT:PSS and N-[bmim][OTf]-PEDOT:PSS films and three
intermediate structures that are composed of neutral (PEDOT),
polaron (PEDOT™*) and bipolaron (PEDOT*"), are illustrated in
Fig. 3. These three PEDOT intermediate structures correspond
to three absorption bands spanning from the visible to the near
infrared (NIR) region: PEDOT>" shows a wide absorption band
from the infrared region at about 1200 nm to larger NIR
wavelengths. In contrast, PEDOT"® exhibits an absorption band
centred at near 900 nm and the neutral PEDOT shows an
absorption band centred at around 600 nm.>>>® The untreated
film appears a wide absorption band starting from the visible
region to the infrared region domain (Fig. 3). In contrast,
the HNO;-treated PEDOT:PSS film appears a similar spectral
profile to the untreated PEDOT:PSS film, but with stronger
absorption than that in the untreated film, especially in NIR
region, suggesting that the number of charge carriers (polaron
and bipolaron) increases upon poste-treatment with HNO3, and

o o o o o o Absorption
Bands
s U N_s_ I N_s_ U\
U} N/ S \/J s \/J §'n 600 nm
0\_/0 o O O\_/O
Neutral
N ' /N
Q O o O o O
- Y- - )
m ) - X s” 900 nm
0\_/0 O\_/O o\_/o

Polaron

1200 nm

Bipolaron

(b)

Fig. 3 UV-vis-NIR absorption spectra of the untreated, N-PEDOT:PSS and [omim][OTf]-N-PEDOT:PSS films. Polymer PEDOT state: (I) neutral; (II) polaron

and (Il) bipolaron.
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polaron and bipolarons are primary charge carriers. This result
in fact agrees with the observation showing the increase in
the ¢ and the reduction in the S. After further treatment of
N-PEDOT:PSS film with [bmim][OTf], the broad IR absorption
appears more pronounced at ~900 nm associating with very
obvious decrease in the absorption band centred at ca. 1200 nm
that belongs to the absorption of bipolaron, revealing that
PEDOT>" can be gradually dedoped with post-treatment with
[bmim][OTf], and subsequently cause the substantial increase
in the S from around 16 to ~35 pvV K™ (Fig. 1). Actually this
observation is consistent with the downshift of the binding
energy of S,p in comparison with HNO;-treated PEDOT:PSS
film. In general, the binding energy of an atom decreases with
increasing electron density about the atom. The less amount of
bipolaron (PEDOT?") in ionic liquid-treated PEDOT:PSS film
than in HNO;-treated PEDOT:PSS film means that the electron
density of the overall sulphur atom increases after the post-
treatment with ionic liquid, and therefore the binding energy of
sulphur S 2p is downshifted.

To further investigate the doping mechanism, Raman spec-
tra of the untreated, N-PEDOT:PSS, [bmim][OT{]-N-PEDOT:PSS
and [bmim][BF,]-N-PEDOT:PSS films were examined and are
shown in Fig. 4. Three vibrational bands at around 987,
1130 and 1257 cm ' were observed, which were attributed
to the deformation of the OCH, ring, the PSS part and the
symmetric inter-aromatic ring vibrations of C,-C, stretching,
correspondingly.”’*°" However, the low-intensity bands
centred at 1130 cm ! for HNO,-treated PEDOT:PSS film was
weaker than that of untreated PEDOT:PSS film (Fig. S5, ESIt),
indicative of the loss of PSS after HNO; treatment. Results
extracted from UV-vis-NIR absorption and XPS spectra reveal
that ionic liquid treatment dedopes the PEDOT to increase the
polaron concentration, which is consistent with the increase in
the S and the drop in the ¢.°>®® Moreover, untreated PED-
OT:PSS contains both benzoid and quinoid structures. The
vibrational signal at 1421 em ' is ascribed to the stretching
vibration of the C=C double bond of thiophene group of the
untreated PEDOT film. These vibrational peaks were moved to
approximately 1411 cm ™" for the N-PEDOT:PSS indicating an

1.0+
(a) e Pristine
fme HNO,,
i feme [bMIM][OTA]-N "

0.8 feme [omim][BF,J-N
B
& 0.6 1257cm’!
>
=
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-
=

0.2+

1200 1400 1600 1800 2000
Raman shift (cm1)

Fig. 4 Raman spectra of the untreated, N-PEDOT:PSS, [bmim][OTf]-N-
PEDOT:PSS and [bmim][BF,4]-N-PEDOT:PSS films.
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800 1000
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alteration from a predominate coil alignment of benzoid configu-
ration to a diverse linear-coil conformation of quinoid configu-
ration in the PEDOT chain,’>®* leading to a quinoid dominant
conformation. The PSS polymer chains are coupled with the
PEDOT chains via attractive coulombic interactions to show
core-shell structure thanks to repulsion among long PSS poly-
mer chains.>*®””” These treatments could deteriorate the ionic
interaction between PSS and PEDOT. As a result, the phase
separation between the PEDOT and PSS chains as well as the
PEDOT chains with a linear conformation will be formed, thus
eventually enabling ¢ to become large with the assistance of the
strong chain interactions. The stretching vibration of the C—C
double bond of thiophene group in N-PEDOT:PSS at 1411 cm ™"
was red-shifted to 1402 cm™" for [bmim][OTf]-N-PEDOT:PSS
film but blue-shifted to 1416 cm ' for [bmim][BF4]-N-
PEDOT:PSS film. Unlike the absorption spectra that give a clear
evidence on dedoping of PEDOT by ionic liquids, the Raman
spectra provide an inconsistent result, which is similar to a
reported example.*® In our case, the exact reason of inconsis-
tency on dedoping between Raman and absorption spectra
might be due to the presence of different negative anions
associated with [bmim].

The untreated, HNO; and ionic liquid treated-PEDOT:PSS
films was examined by AFM, and the height and phase AFM
images are shown in Fig. 5. The roughness of height images of
the untreated and HNO;-treated PEDOT:PSS films was similar
to be 1.39 and 1.42 nm, respectively, while the roughness of the
height images for the corresponding PEDOT:PSS films was
decreased to 0.98 and 0.80 nm after dedoping with [bmim][OT{]
and [bmim][BF,], respectively. The N-PEDOT:PSS and ionic
liquid-treated N-PEDOT:PSS film surfaces exhibited very non-
uniform, probably owing to an increase in the size of the
PEDOT aggregates, making charge transport easier and hence
increase in the ¢ value. Similar to previous reports, the phase
image of the untreated PEDOT:PSS film does not exhibit any
apparent grains (Fig. 5), indicating that the PEDOT polymer
chains are well inter-entangled with the PSS polymer chains
and the film is mainly sheltered by the PSS-rich domains.
The phase images of the N-PEDOT:PSS and ionic liquid-
treated N-PEDOT:PSS were observed to be interconnected with
large aggregates, inferring that the interconnection of the
PEDOT-rich aggregates were originated from the significant
phase separation between the PSS-rich shells and the PEDOT-
rich cores.®”””®® Fig. S6 (ESIt) presents the scanning electron
microscope images of top-view and cross-section SEM images
of the untreated, N-PEDOT:PSS, and ionic liquid treated
N-PEDOT:PSS films. Contrary to the flat and smooth surface
of the untreated PEDOT:PSS, it could be found that the cross-
section SEM images of the ionic liquid-treated films demon-
strated a layer-by-layer structure, which is in good agreement
with the enhanced ¢.**%°

In an organic p-type semiconductor, the ¢ value can be
calculated according to the formula: ¢ = eny, where e, and u
stand for the electronic charge and carrier mobility, respec-
tively. In terms of the formula, it is clearly shown that the
o value is proportional to both the 7 and x.°® The n and u values

Mater. Adv., 2020, 1, 3233-3242 | 3237
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Fig. 5 The AFM images of PEDOT:PSS thin films. Height images (top): untreated (a) HNOsz (b) [omim][OTf]-N treated (c) [bmim][BF4]-N treated (d)
PEDOT:PSS films. Phase images (bottom): untreated (e), HNOs (f), [omim][OTf]-N treated (g), [omim][BF4]-N treated (h) PEDOT:PSS films. The area

scanned is 1 x 1 um? for each image.

of the untreated, N-PEDOT:PSS, [bmim][OT{]-N-PEDOT:PSS and
[bmim][BF,]-N-PEDOT:PSS films were measured, and are given
in Table 1. It was found that the ¢ of the ionic liquid-dedoped
N-PEDOT:PSS films decreased by roughly 60% relative to that of
the N-PEDOT:PSS film. The computed ¢ of the untreated
and treated-PEDOT:PSS films acquired from the product of
the two-competing physical quantities x4 and »n is the approxi-
mately same as the magnitude determined by the well-known
four-point probe method (Table 1). As seen from Table 1, the
largely reduced ¢ of ionic liquid-dedoped PEDOT:PSS film was
principally due to almost an order of magnitude reduction in the
n. This perhaps stems from the interaction between the ionic
liquid and the PSS components, hence suppressing the function
of PSS as a carrier supplier of PEDOT. Post-treatment with ionic
liquids with two different anions does not lead to the significant
difference for the o, u and n values, suggesting that the anions
associated with the imidazolium cation play litter role in mod-
ulating the TE parameters, which in fact agrees well with the
measured PF values (vide supra). Contrary to the big gap among
the n values with a difference of more four thousand times, the
u showed relatively less variation between 0.42-1.04 (cm® V' s77)
with a difference of 2.5 times only for all samples.

XRD analysis was performed to examine the crystallinity
of the PEDOT:PSS films (Fig. 6). For the untreated film, the

patterns display two very weak characteristic signals at 26 = 6.5°
and 25.9° which are assigned to the lattice d spacing of 13.0 and
3.4 A calculated based on Bragg’s law, 2dsin = A The d
spacing of 13.0 A (20 ~ 6.5°) corresponds to the lamella
stacking distance d(100) of the two distinct alternate ordering
of PEDOT and PSS polymer chains. The d spacing of 3.4 A
spotted at 26 = 25.9° corresponds to the inter-chain planar
ring-stacking distance d(010) of PEDOT chains.>*’® The
N-PEDOT:PSS film shows an enormous change in intensity of
d(100) associating with obvious appearance of the second order
diffraction of d(100) at 26 = 13.0°, while a slight change in the
lamella stacking distance of the two distinct alternate align-
ments of the PEDOT and PSS chain from 13.0 to 13.4 A was
observed, and the m-n stacking distance also was marginally
increased from 3.4 to 3.5 A (Fig. 6). Upon HNO; treatment, the
increase in n-n stacking distance indicates the transformation
of the PEDOT chains from benzoid configuration to quinoid
configuration, which results in the formation of a more planar
structure. Moreover, the intensity of the diffraction peak d(100)
significantly increased after treatment with HNO;. A similar
observation was also observed in H,SO,-treated PEDOT:PSS,
suggesting that PEDOT:PSS favours a particular lamella
stacking between the two distinct alternate orderings of PEDOT
and PSS.”"! The remarkable enhancement in its crystallinity was

Table 1 Experimentally measured n, y, and calculated ¢ of the untreated, N-PEDOT:PSS, [bmim][OTf]-N-PEDOT:PSS and [bmim][BF,]-N-PEDOT:PSS

films

Post-treatment conditions

Code HNO; Tonic liquid p(em?>v s n(ecm™? c(Sem™) o (S em™)
Untreated No No 0.42 + 0.03 4.1 +0.32 x 10" 0.3 £0.1 0.29 £ 0.11
N-PEDOT:PSS Yes No 1.04 £ 0.10 1.67 £+ 0.15 x 10*? 2778 + 196 3200 + 89
[bmim][OTf]-N-PEDOT:PSS Yes Yes 0.65 + 0.05 1.12 + 0.13 x 10* 1164 + 112 1260 + 61
[bmim][BF,]-N-PEDOT:PSS Yes Yes 0.56 + 0.03 1.21 + 0.31 x 10% 1084 + 103 1188 + 45

“ Calculated values in terms of ¢ = enu. ? Obtained from the 4-point probe method.
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Fig. 6 X-ray diffraction (XRD) patterns of (a) untreated (b) HNO3 treated,
(c) [lbmim][OTf]-N treated, and (d) [lbmim][BF4]-N treated PEDOT:PSS films.

also supported by the AFM images, being in good agreement
with the reported results.***””"”> By comparison, for the
[bmim][OT{]-N-PEDOT:PSS and [bmim][BF,]-N-PEDOT:PSS
films, both diffractions of d(100) at the low angle are slightly
shifted to ~6.6°, corresponding to the lattice d spacing of
13.2 A, and a fairly reduction in diffraction signal intensity is
found, causing the reduction in crystallinity which is likely
relevant to the decrease of the ¢ after treatment with ionic
liquids. The d(100) diffraction peak intensity increased signifi-
cantly, which was attributed to the increase in the number of
ordered aggregates with interchain n-n stacking between the
PEDOT chains, as well as the increase in the crystallinity of the
PEDOT:PSS film. Moreover, the addition of an ionic liquid
selectively enhanced the m-n coupling of the PEDOT:PSS
chains, resulting in the improvement of crystallinity (ie.
reduction of disorder) and enhancing the charge carrier
mobility.”>”* Consequently, the N-PEDOT:PSS, [bmim][OTf]-N-
PEDOT:PSS and/or [bmim]BF,]-N-PEDOT:PSS films exhibit
improved interchain coupling of PEDOT:PSS chains with more
densely packed PEDOT and lamella stacking between two types
of assemblies, leading to enhanced S of the PEDOT:PSS
films through interface scattering.”"’>”* Interface scattering
includes surface scattering and grain boundary scattering. The
interface scattering mechanism of charge carriers transport in
PEDOT:PSS film plays a role in the Seebeck coefficient and
conductivity of PEDOT:PSS film. The post-treatment promotes
the crystallinity of PEDOT and removes PSS at the same time,
resulting in changes in the grain boundaries and grain size of
PEDOT, and hence enhancing TE properties.

Table 2 presents density (p) and thermal properties including
thermal effusivity (e), specific heat capacity (Cp,) and cross-plane
thermal conductivity (ic ) of the untreated and [bmim][OT{]-N-
PEDOT:PSS films. The cross-plane thermal conductivity (i« )
is given by the equation x = ¢°/pC,, where the e is the thermal
effusivity, which is measured by pulsed light heating thermo-
reflectance method at ambient temperature.’’ This means
renders the e value of the film by determining the alternation
in reflectance with pulsed light heating. Details of this
method are elaborated in our earlier reports.>® Fig. S7 (ESIY)
displays the thermal reflectance signals of the untreated and

This journal is © The Royal Society of Chemistry 2020
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Table 2 Thermal properties and densities of the untreated and [bmim][OTf]-
N-PEDOT:PSS films

e(Js Cp Ky
Code m K" Jg'KYpgem™® Wm'K"
Untreated® 1196 1.50 1.60 0.60
[bmim][OTf]-N- 856 1.40 1.59 0.30
PEDOT:PSS?

[bmim][OT{}N-PEDOT:PSS films. The thermal reflectance signals
were monitored by the probe beam after the nanosecond-pulse
heating. The untreated PEDOT:PSS film shows a quicker signal
decay than the treated PEDOT:PSS film. This fast signal decay in
the untreated film indicates that the cooling rate through the
[bmim][OTf}N-PEDOT:PSS film is slower than that through the
untreated film and hence results in a faster thermal diffusion in
the untreated PEDOT:PSS film. The effusivity values obtained
from the curve fitting are summarized in Table 2. The x, of
[bmim][OTf|-N-PEDOT:PSS (~0.30 W m~" K ') was dropped in
comparison with the x, of the untreated PEDOT:PSS film
(~0.60 W m~' K™ ") due to the selective loss of PSS, which is
collectively confirmed by the UV-vis-NIR absorption, XPS and
Raman spectra. The earlier investigation demonstrated that
taking away the PSS from the PEDOT:PSS improved the ¢, and
only faintly lessened the x as well as decreased the p, but no close
relationship between the x and ¢ was found.**”® The thermal
anisotropy factor is equal to x/k, where x| and x stand for
in-plane and cross-plane x, respectively. The x/x; value was
found to be roughly ranging from 1.40 + 0.22°” to 3.°7°°
Therefore, the calculated x ranged from 0.84 to 1.8 Wm ' K
and from 0.42 to 0.9 W m ' K ' for the untreated and
[bmim][OT{]-N-PEDOT:PSS films, respectively. Therefore, by
utilizing the calculated x| of 0.42-0.9 W m~ " K, the ZT value
at 300 K is estimated to be between from ~0.12 to ~0.05 for
[bmim][OT{]-N-PEDOT:PSS film. While the ZT value of untreated
PEDOT:PSS film ranges from ~3.6 x 10 ® to ~1.7 x 10 ¢ at
300 K based on the estimated x of 0.84-1.8 W m ' K" and
PF of 0.01 yW m~' K2, confirming the effectiveness of our
post-treatment method in improving the TE properties of
PEDOT:PSS film.

3.3. Stability study of PEDOT:PSS films

Environmental stability of PEDOT:PSS films were investigated,
and the untreated, N-PEDOT:PSS and [bmim]OT{]-N-
PEDOT:PSS films were exposed to air at 70 °C and a humidity
of 75% RH for 480 hours (20 days), and then the o, S and
Kk values were regularly recorded throughout 20 days. As illu-
strated in Fig. 7, the ¢ and S of all PEDOT:PSS films progres-
sively reduced with the increase in exposure time. After the
PEDOT:PSS film was exposed to air at 70 °C and 75% RH for
20 days, the ¢ of the untreated, N-PEDOT:PSS and [bmim][OTf]-
N-PEDOT:PSS was reduced to 85, 70, and 30% of the original
data, correspondingly, apparently implying that HNO; treated
PEDOT:PSS film has much better ¢ stability than the untreated,
and further treatment with [bmim][OTf] additionally improves
its ¢ stability and 85% of the original ¢ is retained. Likewise,

Mater. Adv., 2020, 1, 3233-3242 | 3239
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Fig. 7 The (a) o and (b) S of untreated, N-PEDOT:PSS and [bmim][OTf]-N-PEDOT:PSS films over 480 hours at 70 °C and 75% RH. Vertical: ai/ao and Si/So
where (g; and ;) and (Sp and o) stand for ¢ and S of freshly-prepared (0 hour) and the time at which the ¢ and S were taken, respectively.

great improvement in S was observed in HNO; treated sample
in comparison with the untreated sample, but the further
treatment with ionic liquid did not lead to a notable change
in the S (Fig. 7b). It is noteworthy that, compared to the
untreated PEDOT:PSS, remarkable improvement in both the
o and S of PEDOT:PSS film is primarily due to the great
reduction of hygroscopic and strong acidic PSSH absorbing
H,O easily.”””® A less amount of the PSS in the treated
PEDOT:PSS film leads to less H,O uptake and then the film
becomes more intact even in wet conditions.®® Moreover, as
demonstrated by XRD, the treated samples exhibited a much
higher crystallinity than the untreated sample, hence enhan-
cing the overall stability as reflected by the small reduction in
the ¢ and S.*” On the other hand, strong electrostatic attraction
between the negatively charged sulfonate anions and the posi-
tively charged bulky imidazolium cations may block the diffusion
of H,0 molecules from the film surface into the interior and
consequently reduces the H,O uptake, partially contributing to
the stability enhancement. In addition, neutralization happening
between imidazolium derivatives with acidic PEDOT:PSS suspen-
sion additionally contributes to improvement in stability with a
reasonable decline of the ¢, which is consistent with reported
result.** It was also observed that weathering treatment also has
an slight effect on the thermal properties (Table 2). Negligible
change in «, of the untreated PEDOT:PSS was observed, but led
to around 13% increase after HNO; and ionic liquid treatment.
The environmental stability of both N-PEDOT:PSS and [bmim]-
[OT{]N-PEDOT:PSS films is better or comparable to that of these
reported in literatures (Table S3, ESIT).%87404%73

4. Conclusions

In this paper, we demonstrated post-treatments with HNO,
treatment considerably improved the ¢ of the untreated PED-
OT:PSS film from 0.03 to more than 3000 S cm™ ', however
resulting in a slight drop in the S. Further dedoping HNO;
treated film with ionic liquids increased S by more than double
from 16 + 1.2 to 34.8 + 1.8 uV K ' via adjusting the oxidation

3240 | Mater. Adv., 2020, 1, 3233-3242

level of the PEDOT films. Binary treatment with HNO; and
ionic liquid substantially improved the ¢ and S values, leading
to a PF value of 152 + 11.2 yW m™ " K2 at optimal conditions.
The x was decreased from ~0.6 to 0.3 W m ' K ' for the
untreated and the treated film, respectively. Therefore, the
ZT of ~0.12 was obtained at 300 K. The long-term environ-
mental stability study at 70 °C and 75% RH for 20 days
demonstrated that the PEDOT:PSS films treated with nitric
acid and ionic liquid were stable and more than 85% of its
¢ and S were retained, showing potential in real applications
such as thin-film TE generators.
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