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ABSTRACT

Engineering the electrical properties of poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate)
(PEDOT:PSS) holds great potential for various applications such as sensors, thermoelectric (TE) genera-
tors, and hole transport layers in solar cells. Various strategies have been applied to achieve optimal elec-
trical properties, including base solution post-treatments. However, the working mechanism and the
exact details of the structural transformations induced by base post-treatments are still unclear. In this
work, we present a comparative study on the post-treatment effects of using three common and green
alkali base solutions: namely LiOH, NaOH, and KOH. The structural modifications induced in the film
by the base post-treatments are studied by techniques including atomic force microscopy, grazing-
incidence wide-angle X-ray scattering, ultraviolet-visible-near-infrared spectroscopy, and attenuated
total reflectance Fourier-transform infrared spectroscopy. Base-induced structural modifications are
responsible for an improvement in the TE power factor of the films, which depends on the basic solution
used. The results are explained on the basis of the different affinity between the alkali cations and the PSS
chains, which determines PEDOT dedoping. The results presented here shed light on the structural reor-
ganization occurring in PEDOT:PSS when exposed to high-pH solutions and may serve as inspiration to

create future pH-/ion-responsive devices for various applications.
© 2021 THE AUTHORS. Published by Elsevier LTD on behalf of Chinese Academy of Engineering and
Higher Education Press Limited Company. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Organic electronic (OE) materials have recently attracted
increasing interest from the scientific community [1-3]. Due to
their flexibility and lightweight properties, they hold great poten-
tial in a broad range of applications such as wearable sensors and
artificial skins [4-6]. However, it is important to tune and control
the properties of these materials in order to prepare ideal devices
for different applications [7,8].  Poly(3,4-ethylenedioxy
thiophene):poly(styrenesulfonate) (PEDOT:PSS; structure shown
in Fig. 1) has been extensively studied among various other OE
materials, as it exhibits excellent processability and mechanical
and electrical properties [9,10]. One of the hottest application
fields is thermoelectrics (TEs), due to the potential for energy har-
vesting in daily life. The efficiency of TE devices is determined by

the so-called “figure of merit (ZT),” ZT = (¢S*T)/x [11,12], where
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o is the electrical conductivity, S is the Seebeck coefficient, x is the
thermal conductivity, and T is the absolute temperature. For poly-

mers, the co-called power factor (PF), where PF = ¢S?, is the main
aspect to improve due to the intrinsically low thermal conductivity
of polymeric TE materials [13,14].

Polar solvents with a high boiling point were first found to be
able to enhance the electrical properties of PEDOT:PSS when used
as additives or as post-treatment solvents [2,15,16]. For example,
the addition of dimethyl sulfoxide (DMSO) into PEDOT:PSS films
enhances phase separation and triggers the formation of intercon-
nected networks of crystalline elongated PEDOT domains. This
leads to a great enhancement of ¢ (from originally ~10° S-cm™!
to an optimized ~103S.cm™') without compromising S [17]. On
the basis of DMSO addition, Lee et al. [18] applied a dedoping pro-
cess by over-coating a strong reducing agent such as hydrazine
onto PEDOT:PSS nanofilms, which led to an enhanced Seebeck
coefficient and PF (¢ = 578 S.cm™!, S = 67 uV-K™!, PF = 259
puW-m~1.K™2). Fan et al. [19] introduced sequential post-
treatments with H,SO, and NaOH on PEDOT:PSS thin film. After
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Fig. 1. Materials, fabrication, and post-treatment process employed here to prepare the PEDOT:PSS thin films. DI: deionized; DMSO: dimethyl sulfoxide.

the acid treatment, ¢ increased dramatically to 2000-3000S-cm ™!

due to the sufficient removal of PSS, and subsequently formed
nanosized fibrous structures that significantly promoted the
charge mobility in the film. It was shown that the base treatment
induces a low oxidation level of PEDOT and thus improves the
Seebeck coefficient. Although ¢ was found to decrease during the
base treatment, an optimized PF of 334 pW-m~!.K~2 was obtained.
These results showed that larger PFs can be achieved by first
improving the electrical conductivity by morphology and structure
modification, and then increasing the Seebeck coefficient by lower-
ing the oxidation state of PEDOT. Moreover, the results proved the
dependence of the post-treatment agents’ pH on TE performance.
While acid treatment has been well studied due to its positive
effect on electrical conductivity [20-23], a detailed study on base
post-treatment is still lacking, especially one involving the use of
different cations. Unanswered questions are: Do certain cations
have an effect on performance, even when samples are exposed
to a solution with the same pH? If so, what is the mechanism
behind the performance change?

In this work, a very easy and environmentally friendly process is
applied to tune the TE properties of PEDOT:PSS. Three different
alkali base solutions (LiOH, NaOH, and KOH dissolved in deionized
(DI) water) are used as post-treatment agents for pristine PEDOT:
PSS:DMSO thin films deposited by means of spin-coating (Fig. 1).
To allow a comparison, the same concentration of 1 mol-L™! is used
at first, which means that the anions and cations can fully dissoci-
ate and the pH of each the solution is the same [24-26]. Electrical
conductivity and Seebeck coefficient are probed to determine the
film performances, and a series of characterization methods
including atomic force microscopy (AFM), grazing-incidence
wide-angle X-ray scattering (GIWAXS), ultraviolet-visible-near-
infrared (UV-vis-NIR) spectroscopy, and attenuated total reflec-
tance Fourier-transform infrared (ATR-FTIR) spectroscopy are used
to study the effect of the alkali solution treatment on the PEDOT:
PSS structure. Furthermore, different solution concentrations are
used to obtain a database for tuning the TE properties and for other
potential applications.
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2. Results and discussion
2.1. TE properties

The TE properties measured for the pristine film and for the
films post-treated with LiOH, NaOH, and KOH solutions are
reported in Fig. 2 (films are referred to as LiOH_PT, NaOH_PT,
and KOH_PT in the following). As expected, the o decreases upon
treatment with alkaline solutions, while the S increases compared
with the pristine film. However, a clear trend is observed for both
the ¢ and S of the post-treated films depending on the kind of
cation used (i.e., cations of different size). The larger the cation size,
the lower the ¢ and the higher the S. ¢ drops significantly from
600S-cm~! in the pristine film to 244, 201, and 184S-cm™! in the
LiOH, NaOH, and KOH post-treated films, respectively. At the same
time, S undergoes a dramatic increase from the initial value of 15.0
to 20.9, 37.8 uV-K~ ! and, finally, 51.9 pV-K~!. Considering that the
pH of the different solutions is identical, we speculate that the
main impact on the TE properties is the cation nature, as discussed
below. As a result of the dramatic increase in S, the calculated PF
also shows an increasing trend from LiOH_PT to KOH_PT
(Fig. 2(b)). Notably, the KOH_PT film exhibits an optimized value
of about 50.0 yW-m~"-K~2, which is almost two times higher than
the value for the pristine PEDOT:PSS:DMSO film, and which is com-
petitive with the results from many other complex engineering
methods [14].

2.2. Surface morphology and crystalline structure

We further investigated the relationship between the properties
and structure of the treated films using microscopy and GIWAXS.
At first, the large-scale film homogeneity of the films was tested
using optical microscopy (OM). All the films showed a homoge-
neous structure without any significant large-scale inhomogeneity.
As an example, we report the OM images for the KOH_PT sample
(Fig. S1 in Appendix A). The surface structure was then measured
by AFM. The height and phase images of the studied films were
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Fig. 2. TE properties of the different PEDOT:PSS:DMSO thin films post-treated using different basic solutions: (a) conductivity and Seebeck coefficient together with (b) the

calculated PF. The concentration is maintained at 1mol-L™".

captured using tapping mode AFM and are summarized in Fig. 3.
We observed interconnected networks of PEDOT crystals (which
appear as elongated grains in Fig. 3(a)) in the pristine PEDOT:
PSS:DMSO film in both the height and phase images, which is in
good agreement with the literature [17]. These interconnected net-
works are barely visible on the films that were post-treated with
LiOH (Fig. 3(b)). Instead, we observed circular grains (highlighted
in Fig. 3(b)) in both the height and phase images. This morphologi-
cal transition is also persistent in the films post-treated by NaOH
(Fig. 3(c)) and KOH (Fig. 3(d)). The surface roughness values for all
the studied films are very similar. The formation of a morphology
composed of circular grains in the post-treated films can be
rationalized by spherical crystalline PEDOT islands being spatially
distributed into the matrix of PSS. The transition from an intercon-
nected PEDOT crystallite network to the isolated crystalline islands
observed here corroborates reported observations in localized
charge carriers and low carrier mobility due to a shortened mean
free path [27]. On the other hand, potential barriers generated from
the grain boundaries in post-treated films only allow the transport

hae 0.0 nm Phase

(@) (b)

. 200.0 m Phase

of high-energy charge carriers to the cold side [28], which explains
the increase in the Seebeck coefficient reported in Fig. 2.

The semi-crystalline structure of the pristine and post-treated
films was investigated by GIWAXS, as shown in Figs. 4(a)-(d).
Similar to the surface morphology, the bulk film crystalline struc-
ture undergoes a great change after the post-treatment with base
solutions. To better visualize the structural changes, full integra-
tion line profiles from the images are reported in Fig. 4(e). The
low-angle region features two peaks: the (100) reflection located
at the lowest scattering vector (q) values and a second peak located
at around 0.48 A~!. Note that the dip caused by the gaps in the
Pilatus detector sits in between these two peaks in the full integra-
tion profile, as shown in Fig. 4(e). However, these two peaks are
clearly visible in the intensity linecuts along the vertical out-
of-plane (q,, the near-out-of-plane scattering vector) direction, as
shown in Appendix A Fig. S2. It is notable that the (100) peak
located around q = 0.24 A~ for the pristine film decreases in inten-
sity after post-treatment (a decrease of 4%, 20%, and 37% for LiOH,
NaOH, and KOH, respectively) and shifts to 0.28, 0.32, and 0.36 A~!

, .
: ’ 1
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Fig. 3. AFM height (top) and phase (bottom) images of (a) pristine PEDOT:PSS:DMSO films and (b-d) PEDOT:PSS:DMSO films post-treated with (b) LiOH, (c) NaOH, and

(d) KOH.
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Fig. 4. (a—d) GIWAXS images, (e) full integration line profiles, and (f) peak intensity around q = 1.83 A~! (PEDOT n-m stacking) against the azimuthal angle (¢) for different
base solutions in post-treated PEDOT:PSS:DMSO thin films. The dips in the intensity profiles of parts (e) and (f) are due to the gaps in the Pilatus detector. q: the scattering
vector; q,: the near-out-of-plane scattering vector; q,: the parallel component of the scattering vector.

for the LiOH_PT, NaOH_PT, and KOH_PT films, respectively. This
means that the spacing between adjacent (100) planes becomes
increasingly smaller going from the pristine film to the KOH_PT
film (from 26.2 to 22.4, 19.6, and 17.4 A, respectively). This more
compact packing along the [100] direction is expected to help
the charge carrier transport inside the crystal [29]. The (100)
d-spacing (d means the distance between the crystalline planes)
for the spin-coated PEDOT:PSS:DMSO films reported here is some-
how bigger than what we have previously reported for drop-
casting films, indicating that packing differences resulted from
these two film-preparation methods [30]. Remarkably, the inten-
sity of the peak located at q = 0.48 A~! along the g, direction exhi-
bits a strong increase going from the pristine film to the KOH_PT
film. While the (100) peak position clearly shifts with the alkali
metal atom used, the position of the peak at q = 0.48 A~! is almost
unchanged. Moreover, the trend in intensity of these two peaks is
opposite. These observations suggest that the peak at q = 0.48 A™!
cannot be associated with the second order of the (100) peak, as is
usually reported for pristine PEDOT:PSS:DMSO. Indeed, two differ-
ent types of packing were recently reported by BieBmann et al.
[31], each one characterized by a different (100) peak position.
Type 1 PEDOT crystals show sufficiently doped PEDOT chains clo-
sely surrounded by PSS and exhibit a larger d-spacing along the
[100] direction (a (100) peak located toward smaller g values). In
contrast, Type II PEDOT crystals show little or even no PSS inside
the PEDOT crystals, making the (100) d-spacing smaller (a (100)
peak located toward higher g values). In our case, the PEDOT pack-
ing varies from mainly Type I to a mixture of Type I and Type II,
depending on the nature of the alkaline solution used (the calcu-
lated ratio of Type I to Type II changed from 1.80 to 1.31, 1.10,
and 1.05 going from pristine to LiOH_PT, NaOH_PT, and KOH_PT,
respectively). This finding indicates the progressive removal of
doping PSS from the PEDOT crystallites and, thus, the occurrence
of a base-induced dedoping process.

In addition to the change in the PEDOT packing structure, the
free PSS chains not directly associated with PEDOT showed
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changes following the base treatment. The free PSS peak exhibits
a clear shift from around 1.32 A~ for pristine film to 1.24, 1.28,
and 1.28 A~! for LiOH_PT, NaOH_PT, and KOH_PT, respectively.
This observation indicates that the alkaline solutions have an inter-
action with the free PSS inside the films, making the average dis-
tance among the PSS chains larger (from 4.8 A for pristine to 5.1,
4.9, and 4.9 A for LiOH_PT, NaOH_PT, and KOH_PT, respectively).
In contrast, the (010) peak, which is associated with the ordering
along the PEDOT m-rt stacking direction, remains at the same peak
position of around 1.83 A~!, suggesting that the post-treatment
agents do not affect the inner molecular packing distance of the
PEDOT chains along the m—n stacking direction. However, changes
can be observed in the (010) peak width after post-treatment
(Fig. 4(e)). The observed (010) peak broadening is minor for
LiOH_PT, but is not negligible for the other two samples. The
(010) peak width significantly increases for the NaOH_PT and
KOH_PT films, which means that the crystal coherence length
along the [010] direction (CCLy;0) becomes smaller. CCLy;o changes
from 18.5 to 15.7 A; thus, the average number of - stacking lay-
ers decreases from 5.4 to 4.5 on average. This loss in crystal quality
well explains the observed decrease in film conductivity [30].
Moreover, the (010) peak shows a strong intensity enhancement
along the horizontal in-plane g, direction (indicating edge-on ori-
entation) and a decrease along the vertical near-out-of-plane g,
direction (indicating face-on orientation) upon film post-
treatment (see the azimuthal intensity profiles in Fig. 4(f)). The
estimated fractions of face-on and edge-on crystals for pristine
PEDOT:PSS:DMSO are 53.3% and 12.3%, respectively, while these
fractions change to 48.0% and 18.1% for the post-treated samples
(values were calculated using the method presented in our previ-
ous work [30]). This finding indicates that the base post-
treatment promotes a more edge-on orientation of the PEDOT crys-
tallites. This crystal orientation change could partially compensate
for the conductivity loss, limiting the drop in . Together with the
AFM results, the GIWAXS observations clearly reveal that the elon-
gated grains present in the pristine film are formed by heavily
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doped PEDOT crystals with preferential face-on orientation, while
the smaller globular domains appearing in the post-treated films
are formed by less doped (even neutral) smaller PEDOT crystals
with a less pronounced orientation, but still mainly with a face-
on orientation.

2.3. Electronic structure

UV-vis-NIR absorption spectroscopy was applied to study the
oxidation state of the thin films post-treated with the different
alkali base solutions. As shown in Fig. 5(a), compared with the pris-
tine PEDOT:PSS:DMSO film, the post-treated films feature a
remarkable increase in the signal intensity in the 400-700and
700-1200nm wavelength ranges, which represents the neutral
and polaron states according to the conventional explanation
[32,33]. Concomitantly, the spectra of the post-treated films show
a clear intensity decrease in the 1200-1600 nm wavelength region,
which represents the bipolaron state. Among the three bases,
LIOH_PT and NaOH_PT exhibit quite similar behavior, while
KOH_PT shows a much stronger change. These variations are simi-
lar to those observed by Stepien et al. [34] for PEDOT:PSS films pre-
pared from a KOH-added solution, and constitute direct evidence
of the dedoping process caused by the base solutions. The shrink-
age of the bipolaron band and the dissociation of bipolarons into
polarons and even neutral species, as observed here, are associated
with an upward shift of the Fermi level, far away from the valence
band, which makes the material a non-degenerate semi-conductor
and well explains the high Seebeck coefficient measured for the
post-treated films (Fig. 2(a)) [35,36]. We also note that the inter-
pretation of the PEDOT:PSS UV-vis-NIR spectra has been recently
revised. Zozoulenko et al. [37] reported on the basis of density
functional theory (DFT) calculations that the peak at 700-1000
nm could be attributed to both polarons and bipolarons, and that
the peak in the NIR range could be attributed to polaronic and
bipolaronic states coming from PEDOT with a high oxidation level.
However, the conclusions drawn here still stand in the view of this
new interpretation, as the increasing/decreasing trend in the vis/
NIR range supports the variation from a high oxidation state to a
low oxidation state after base solution post-treatment.

To further study the effect of the base post-treatment on the
chemical structures, ATR-FTIR spectroscopy was employed. As
shown in Fig. 5(b), several changes can be observed when compar-
ing the ATR-FTIR spectra of the post-treated films with that of the
pristine film. The peak at wavenumber 1155cm~" decreases dra-
matically upon base treatment. This signal is associated with the
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asymmetric S=0 stretching of PSS in the proton form, indicating
that -SO3H has changed to -SOs- [38]. The increase of the peak
at 1524cm™!, which belongs to the symmetric C,=Cy stretching
of the thiophene ring, and the decrease of the peak at 1557 cm™!
(shifted to 1547 cm™"), which belongs to the asymmetric C,=Cj
stretching, together suggest a change in the structure from a more
quinoid to a more benzoid structure [39,40]. A red shift from 1263
to 1249 cm™!, which represents the C,—C,, inter-ring stretching,
also suggests that the C,—C, bond varied from a more double-
bond structure (quinoid) to a single-bond structure (benzoid). All
these changes further support the base-induced dedoping process
discussed above. Importantly, LIOH_PT exhibited a clear shoulder
at the wavenumber 1220cm™'. This peak can be attributed to
the S=0 stretching from -SO5-Li", indicating a stronger interaction
between PSS™ and Li*. This observation is very important in the
light of the discussion about the working mechanism reported
below.

2.4. Working principle

According to all the findings discussed above, a possible mech-
anism can be summarized. As shown in Fig. 6, exposure to a basic
solution causes a neutralization reaction to occur, with PSSH
changing to PSS™. At the same time, part of the highly doped PEDOT
chains (bipolarons) are reduced (into the polaron state). Due to the
different ion sizes, the three alkali ions have a different affinity to
PSS™. As the smallest ion, Li* would have the highest affinity, while
K", as the biggest, would have the lowest affinity. In this situation,
we can consider the PSS to be an ion-exchange resin. In the next
step, washing with DI water removes all the free ions. For KOH_PT,
free ions meant that all the K* were applied, while for LiOH_PT,
some Li* still remained inside the PSS matrix. This supposition is
evidenced by the PSS peak shift (larger d-spacing) shown in
GIWAXS and the appearance of the salt-form sulfonate peak in
the ATR-FTIR spectrum. To balance the negative charges (i.e., disso-
ciated sulfonate groups in the PSS matrix) caused by the removal of
positive ions, the p-type doped PEDOT chains will accept the elec-
trons from the PSS™ and become dedoped. As KOH_PT has the most
dissociated sulfonate groups, it is supposed to have the lowest dop-
ing state. The difference in ion affinity for the PSS will be particu-
larly true when the interaction is not in the hydrated state [41], as
in our case. Fig. S3(a) in Appendix A shows a time evolution of the
integrated GIWAXS profiles for a 1 mol-L™! LiOH solution post-
treatment process before washing (similar trends are observed
for NaOH and KOH). After alkali solution exposure, water

0.10 T T T T
C,Cg inter-ring  — Pristine
stretching — LiOH_PT

0.084 — NaOH_PT =
. Asymmetric o KOH—PT
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Fig. 5. (a) UV-vis-NIR and (b) ATR-FTIR spectra for PEDOT:PSS:DMSO thin films post-treated with different bases.
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Fig. 6. Proposed mechanism of the alkali base solution post-treatment process for PEDOT:PSS-based thin films. A*: Li*, Na*, or K*; P(EDOT'/3>*): bipolaron; P(EDOT/%*):

polaron; P(EDOT®): neutral.

evaporates within the first 5-7 min. Right after the excess liquid
droplet is evaporated from the surface of the film (time point
t = 420s), the free PSS™/Li* peak is located at q = 1.25 A~ Its
position does not shift anymore in time until the end of the drying
process (t = 1800s), and the free PSS peak only becomes sharper
during drying. Moreover, the sample peak position is recorded
after the washing and temperature annealing steps (Fig. 4(e)).
The average distance among the PSS chains is around 5.0 A for
LiOH_PT and around 4.9 A for NaOH_PT and KOH_PT, suggesting
that tight nanochannels are present within the free PSS domains,
only allowing the diffusion of “dehydrated” cations [41]. The
mechanism unveiled here well explains the counterintuitive TE
performance difference among the PEDOT:PSS:DMSO films post-
treated by bases with the same reducing equivalent but different
alkali cations. Our results are in agreement and complement
previously published works on the acid-base treatment of
PEDOT:PSS [42].

To further confirm this hypothetical mechanism, another three
post-treatment agents were also studied. As shown in Fig. 7,
PEDOT:PSS:DMSO films post-treated with aqueous LiCl, NaCl, and
KCl solutions show a lower electrical conductivity and higher
Seebeck coefficient performance than the pristine PEDOT:PSS:
DMSO film. However, there is no obvious trend among them. o
remains around 400-500 S-cm™! and S remains around 22.2
uV-K~! (Fig. 7(a)). Also, no clear trend is observed for the calculated
PF, which oscillates between 23 and 27 uW-m~'.K~2 (Fig. 7(b)).
Moreover, these values are quite close to the value obtained when
PEDOT:PSS:DMSO is treated with simple water washing. This
observation matches well with our hypothesis of the ion-
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exchange resin effect, as it strongly depends on the pH [43,44].
While free PSSH can be successfully transformed into PSS~ by the
OH~ when exposed to alkali base solutions, the CI~ ions have a
much lower interaction with PSSH, so the ion-exchange resin
mechanism does not apply to the salt solution post-treatment. In
addition, the experimental observations reported here exclude
the energy-filtering effect principle. If one considers the energy-
filtering effect to dominate the Seebeck coefficient difference, the
trend among the chloride-salt-treated samples is supposed to be
for all the base-treated samples. However, this is clearly not the
case here [45,46].

2.5. Concentration dependence

In Figs. 8(a)-(c), three TE property maps against both different
alkali metal ions and different solution concentrations are shown.
With the increase in concentration, ¢ drops from 600 to 60S-cm™?,
and S increases from 16 to 56 pV-K~!. Notably, when the highest
concentration of 5mol-L~! was used for KOH, the Seebeck coeffi-
cient shows a decrease compared with lower concentrations. This
can be explained by the fact that the high concentration of the base
destroys not only the elongated chain structure, but also the crys-
tallinity, so that the thermal-driven carriers are blocked when
moving to the cold side [39,47]. Fig. S4 in Appendix A shows the
GIWAXS results of NaOH_PT films post-treated with different con-
centrations; the revealed structure matches well with the TE prop-
erties shown here. The data presented in Fig. 8 highlight the
sensitivity of PEDOT:PSS toward the concentration and the nature
of the alkali solution.

30F

-2)
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20} k
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15F
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Fig. 7. TE properties of PEDOT:PSS:DMSO thin films post-treated with different salt solutions: (a) conductivity and Seebeck coefficient and (b) PF calculated.
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Fig. 8. (a) Electrical conductivity, (b) Seebeck coefficient, and (c) PF of LIOH_PT, NaOH_PT, and KOH_PT films with different post-treatment agent concentrations.

3. Conclusions

In summary, in this paper, we show that the TE performance of
PEDOT:PSS thin films can be finely tuned using exposure to differ-
ent alkali metal ion basic solutions. The post-treatment method
explored here is simple and green. Various characterization tech-
niques including AFM, GIWAXS, UV-vis-NIR, and ATR-FTIR were
employed to reveal the possible working principle. A series of dif-
ferent post-treatment concentrations was applied, making it possi-
ble to reach an optimal PF of 56 uW-m '-K~2 when using a 2
mol-L~' KOH solution. Based on the measured TE properties, a
database for the electrical conductivity and Seebeck coefficient as
a function of the post-processing conditions is presented here.

The changes in the material TE properties are explained using
an “ion-exchange resin effect,” based on the different affinity
between the alkali cations and the PSS~ chains. The alkali metal
ion effect reported here could be further explored for potential
applications in various fields such as a hole transport layer for solar
cells, organic electrochemical transistors, and memristors for neu-
romorphic devices.
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