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Micron-thick highly conductive PEDOT films
synthesized via self-inhibited polymerization:
roles of anions

Wei Shi'2, Qin Yao!, Sanyin Qu!, Hongyi Chen!?, Tiansong Zhang' and Lidong Chen!?

The inhibitor-dependent poly(3,4-ethylenedioxythiophene) (PEDOT) fabrication suffers major problems in the areas of
controllability and film thickness. In this work, we found that anions play a key role in both the polymerization and the structure
of PEDOT. As a precursor, anions greatly influence the reaction rate and oxidant solubility. In its role as a counter-ion, the
anions also affect chain conductance and crystal growth. With these behaviors in mind, a self-inhibited polymerization approach
using novel oxidants with appropriate anions was successfully developed to facilitate the fabrication of high quality in situ
polymerized PEDOT films and solve the thickness limitation problem. Inhibitor-free heavy oxidative solutions with weakly basic
anions enable the spin-coating of thick and homogeneous oxidant layers and also effectively inhibit both the crystallization of the
oxidant and H* formation throughout the polymerization process. PEDOT: dodecylbenzenesulfonate (PEDOT:DBSA) exhibits the
highest performance among all candidates due to its appropriate anion basicity and low steric effect. An extremely high doping

level of 42.9% is achieved, and an electrical conductivity of ~1100 S cm~1 is successfully maintained for film thicknesses
between 310 nm and 1.79 um. In addition, the thermoelectric power factor (RT) for pristine films was improved to
77.2 pW mK~2 from 69.6 pW mK~2 by the dedoping treatment. This study provides a new approach for fabricating high

performance PEDOT thick films using anion-based design.

NPG Asia Materials (2017) 9, e405; doi:10.1038/am.2017.107; published online 14 July 2017

INTRODUCTION

Thermoelectric (TE) materials realize direct conversion between heat
and electricity, which can be used in refrigeration and power
generation. The performance of TE materials is characterized by the
ZT value (S*6T/x) or power factor (§%5), where S, o, T and « are the
Seebeck coefficient, electrical conductivity, absolute temperature and
thermal conductivity, respectively. Conducting polymer TE materials
possess the advantages of low k, good flexibility and low cost in
comparison with inorganic materials./™ Among them, commercially
available PEDOT:polystyrenesulfonate (PEDOT:PSS) has received
the most attention due to its excellent water processability and high
o (5 511) and is also widely used as an electrode or conductive
applications  including cells, 113
organic light-emitting diodes (OLEDs),"*!> supercapacitors,'®!”
sensors'®!? and so on. The PSS polyanion enables the formation of
aqueous PEDOT:PSS solutions, which benefits both film printing and
the synthesis of hybrid materials. However, such PSS-based
processes also experience difficulties with performance optimization.
For example, the insulating PSS lamellas remain in the polymer
matrix,?®?! resulting in an amorphous polymer?? with limited

adhesive material in solar

6 and S.>° Compared to PEDOT:PSS, PEDOT doped with small-
sized anions (S-PEDOTs), such as tosylate (OTs) or triflate (OTf),
have greater potential for electrical applications because of their
compact and ordered polycrystalline structure?® that leads to higher
6 and §.2%226 S_PEDOTs often exhibit large S%c that can be further
optimized by tuning the oxidation level.2’~° However, these high
quality films are hard to obtain due to their poor reaction controll-
ability and difficult to put into practical use because of their limited
film thickness. The ability to control the polymerization process and
the structure of the polymer is currently limited due to the lack of
research into the role of the anion, which accounts for a large portion
of both PEDOT and its precursor.

S-PEDOTs are prepared by in situ polymerization techniques,
including solution casting polymerization (CP) and vapor phase
polymerization (VPP), using oxidants such as FeOTs; and FeOTf;.
These conventional oxidants are highly acidic and reactive, which
makes the polymerization uncontrollable and results in structural
defects in the deposited film. Inhibitors are required, and base
inhibitors, such as pyridine (Py), are usually used to increase the pH
in order to control the reaction rate.’® However, the unequal
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evaporation of pyridine leads to uneven polymerization and a severe
deterioration of ¢ when fabricating thicker films.*! In addition to
pyridine, copolymer inhibitors, such as poly(ethylene glycol)-block-
poly(propylene glycol)-block-poly(ethylene glycol) (PEPG), are also
commonly used to reduce the oxidant reactivity through steric effects
and suppress the crystallization of oxidants,?>26-2832-35 but the
copolymer  phase  remaining PEDOT the
deterioration of .33 For both applications as TE devices and electrode
materials, PEDOT films with a reasonable thickness are required.
However, OTs and OTf anions have a low affinity for alcohol, which

inside causes

allows only limited (<40 wt%) concentrations in solution and the
production of films with low thicknesses of 50-260 nm.2>=33
These oxidants are also easily crystallized during the reaction due to
their low solubility, and the crystallized oxidants cause the
formation of pin-hole defects in the film.** The loading of PEPG
further reduces the film thickness due to a severe concentrating
effect. A low thickness results in both a high internal resistance that
limits the power output as a TE device®® and a high square resistance
that is not viable for electrode materials. Although multiple
fabrications could be used to obtain thicker films, that process may
not only generate layer—layer interfaces due to the disconnected
polymer and nonuniformity along the layer growth
direction®’¥33* but also cause the decomposition of the former-
step-deposited layers by re-heating.

In this work, we studied three new oxidants, iron(III) dodecylben-
zenesulfonate  (FeDBSA;), iron(IlI)  butylnaphthalenesulfonate
(FeBNSA3) and iron(IIT) camphorsulfonate (FeCSA3), and used them
to synthesize viable thick PEDOT films through self-inhibited
polymerization (SIP). We systematically studied the influence of the
anion type on the morphology, reactivity, doping level and structure of

chains

PEDOT. It was found that oxidants with alcohophilic anions can
achieve heavy solutions and prevent the crystallization of oxidants
throughout the reaction. The reaction rate can also be effectively
controlled by using oxidants with weakly basic anions (WBAs). This
self-inhibiting effect ensures the formation of homogeneous thick
films without adding harmful inhibitors. Scheme 1 shows a compar-
ison of the SIP route with the conventional route. Due to the low
steric effect and a balanced anion basicity that ensure both a
controllable reaction and fine chain conductance, PEDOT:DBSA
exhibits the best overall electrical performance. Additionally, the S?c
of PEDOT:DBSA was optimized by dedoping treatment. This work
presents a facile route to acquire thick and high quality PEDOT films
for use in applications.
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EXPERIMENTAL PROCEDURES

Materials

EDOT was purchased from Ourchem (Guangzhou, China). Sodium dodecyl-
benzenesulfonate and dodecylbenzenesulfonic acid were purchased from
Aladdin (Shanghai, China). Camphorsulfonic acid, barium hydroxide octahy-
drate, iron(III) sulfate hydrate, iron(IIT) chloride hexahydrate, phenylhydrazine
and all solvents were purchased from Sinopharm (Shanghai, China). Sodium
butylnaphthalenesulfonate was purchased from Adamas Beta (Shanghai,
China). PEPG (M,,=4400) and iron(III) p-toluenesulfonate hexahydrate were
purchased from Siama-Aldrich (St Louis, MO, USA). Hydrochloric acid ethanol
solution was purchased from Shenzhen Ketianhuabo Instrument Co. Ltd.
(Shenzhen, China). All materials were used without further purification.

Polymerization

The details of the synthesis of the various ferric salts are given in the
Supplementary Information. The polymerization can be conducted through
two different methods, CP and VPP. In the CP method, the oxidative
solution was mixed with EDOT at a molar ratio of 1:2.25 and then spin-cast
at 20008000 r.p.m. for 15 s onto an 18 X 18 mm glass substrate pretreated with
H,0,/H,SOy solution. Next, the substrate was transferred to a hot plate and
heated at 70 °C. In the VPP method, the oxidative solution was spin-cast at
2000-8000 r.p.m. for 15 s on the glass substrate. The coated substrate was then
exposed to EDOT vapor in a quartz reaction chamber with constant argon flow
and heated at 70-90 °C. After polymerization, the samples were washed with
ethanol and dried in ambient temperature.

Reduction of PEDOT films

To adjust the reducing ability, 0.1 m phenylhydrazine ethanol solution was
acidified with different amounts of dodecylbenzenesulfonic acid (from 0.16
to Om). The pristine PEDOT films were immersed in various reductant
solutions for 10 min at room temperature (25 °C), and the reduced film was
washed with ethanol and deionized water.

Characterization

The film resistance was measured by the Van der Pauw method using a Hall
measurement system (HL5500PC). The film thickness was measured by a
profilometer (DEKTAK-150). The S values were measured by two R-type
thermocouples monitoring both the temperature difference and Seebeck voltage
of the sample, which was heated on one side using a temperature-adjustable
heating coil. The Raman spectra (Horiba Xplora One 532 nm) were used to
confirm the structure and the doping states of PEDOT. The UV-Vis—NIR
spectra (Varian Cary 5000) were used to determine the carrier types of the
PEDOT films. A scanning electron microscope (Zeiss Supra S5) and an atomic
force microscope (Veeco Dimension Icon) were used to observe the surface
morphology of the PEDOT films. An energy dispersive spectrometer was used
for elemental analysis. The doping level of PEDOT was determined using
X-ray photoelectron spectroscopy (XPS; ESCAlab 250). The crystal structures
of the film were characterized using grazing incidence X-ray diffraction
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Scheme 1 A comparison of the conventional PEPG/Py-inhibited polymerization of PEDOT:0Ts and the inhibitor-free SIP route-fabricating PEDOT:DBSA.
The SIP route shows great advantages in simplicity, controllability and film thickness. DBSA, dodecylbenzenesulfonate; OT, tosylate; PEDOT, poly(3,4-
ethylenedioxythiophene); PEPG, poly(ethylene glycol); SIP, self-inhibited polymerization.
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(Rigaku D/max 2550 V). The temperature dependence of ¢ was measured using
a system based on a thermal dilatometer (NETZSCH DIL 402PC), as previously
reported.>’

RESULTS AND DISCUSSION

Thickness and morphology

The precursor concentration, film thickness, reactivity and TE
properties of the PEDOT films obtained using various oxidants are
shown in Table 1 (additional examples in Supplementary Table S1).
With the conventional oxidant FeOTss, the concentration is <40 wt
%, and the maximum film thickness was 420 nm. To obtain high
quality films, the use of inhibitors reduced the film thickness by at
least 30% due to the concentrating effect.?3 In contrast, the inhibitor-
free viscous coating solutions (> 66 wt%) made by FeCSA;, FeBNSA;
and FeDBSA; enable the formation of high quality films with
significantly increased thicknesses, >700 nm.

PEDOT polymerized without PEPG demonstrated greater homo-
geneity. Scanning electron microscope and atomic force microscope
(Figures 1—c) show that both the PEDOT:OTs-PEPG/Py film (P1-d)
and PEDOT:DBSA film (P4) have fairly flat surfaces (Rq~5-7 nm)
due to the shrinkage of the film during the drying process.?! The
energy dispersive spectrometer (Supplementary Figure S1) confirmed
the single dopant of the two films. However, PEDOT:OTs-PEPG/Py
exhibits a grain structure?® and a cluster-shaped surface, which is likely
caused by the phase separation of crystalline PEDOT:OTs*® and the
remaining PEPG that cannot be removed by solvents. PEPG-free
PEDOT:DBSA films are homogeneous and have no distinguishable
second phase. The existence of PEPG in the PEDOT:OTs was
confirmed by XPS spectra (Figure 1d). Similar to Wang's report,?®
the XPS analysis of the PEDOT:OTs-PEPG/Py film shows a broad
peak around 532.7 eV attributed to the oxygen atom from the
remaining PEPG, masking the majority of the signals from
PEDOT and its dopants. The elemental analysis by XPS (Figure le)
shows a high concentration of oxygen, which also suggests a high
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content of nonconductive PEPG in the PEDOT:OTs. In comparison to
conventional PEDOT:OTs, the PEPG-free PEDOT:DBSA film pro-
duced by the SIP method shows a very different O(1s) XPS spectrum.
The oxygen signals of the thiophene unit (537-534 e¢V) and doping
sulfonates (533-529 eV) are clearly observed. The intensity of the
dopant signal significantly decreased after dedoping treatment
(Supplementary Figure S3b).

o and TE performance
The reaction completion time and S?s of the PEDOT films obtained
using different precursors are shown in Table 1. The polymerization
completion time is affected by both the acidity of the anion and the
addition of inhibitors. The polymerization using FeOTs; completed
almost instantly without the use of an inhibitor, resulting in
low-quality films. With the help of neutralization by pyridine and
anti-crystallization/stabilization by PEPG, the $?c of the obtained films
significantly increased. This result confirms that the conventional
oxidants could work only in combination with inhibitors to achieve
viable films. Compared to conventional oxidants, the three new
oxidants have more basic anions (pKa> —1.8).>™*? Interestingly,
the VPP time of PEDOT:DBSA and PEDOT:BNSA extends to
>25min and the CP time of PEDOT:CSA to 25s. Because of the
high basicity of the CSA and BNSA anions, extra acid is needed to
accelerate the reaction (Supplementary Table S2). High S%¢ was
achieved in films obtained through mild reaction conditions using
the oxidants containing WBAs, particularly FeDBSA;, without any
additives. The S’¢ of the pristine PEDOT:DBSA film reached
69.6 YW mK ™2, higher than that of most of the reported pristine
PEDOT films. In addition, the high solubility and low acidity of the
new oxidants enable the polymerization in more kinds of solvents
(such as methanol and ethanol) under various temperatures
(Supplementary Tables S3 and S4), which also facilitates the synthesis.
Furthermore, o is successfully maintained at a level of 1100 S cm ™!
over a wide range of film thicknesses (Figure 2), which indicates that

Table 1 Reactivity, TE performance and film thickness of PEDOT polymerized via different precursors

Precursor composition and film thickness

Reactivity and TE performance (298 K)

PEPG Extra acid ~ Max. thickness Sample no.
Method ~ Anion pKa Ox Wt%) Py wt%) — (wt%) (Wt%) (nm) t(s) o(Sem™1) S WVK-1) S% wWmK-2? /ref.
CcP OTs -2.8%9 20.0 0 0 0 80 0.5 19.3 13.2 0.336 Pl-a
19.7 1. 4] 0 0 200 — ~300 ~40 38 ref. 29
CSA 1.239(1.17%) 66.7¢ 0 0 5. 0t 700 25 752 26.4 52.4 P2
70.2¢ 0 0 0 — ) — — — —
VPP OTs -2.8% 40.0d 0 0 0 420 18 21 35.3 2.61 P1-b
33.34 0 16.7) 0 280 300 589 224 29.6 Pl-c
33.0d 1.1) 16. 5] 0 250 840 812 24.3 47.9 P1-d
20.0 1.04 20.0) 0 120 — 1550 14.9 34.4 ref. 28
DBSA —1.844041 78.1¢ 0 0 0 1790 1500 1140 24.7 69.6 P4
(~0.45P)
BNSA 0.37° 68.64 0 0 5.0 820 2100 200 26.7 14.3 P3
72.24 0 0 0 — o — — — —

Abbreviations: BNSA, butylnaphthalenesulfonate; CSA, camphorsulfonate; CP, casting polymerization; DBSA, dodecylbenzenesulfonate; OT, tosylate; Ox, oxidant; PEDOT,
poly(3,4-ethylenedioxythiophene); PEPG, poly(ethylene glycol); Py, pyridine; TE, thermoelectric; VPP, vapor phase polymerization.

The maximum film thickness (+£5 nm) and approximate reaction completion time (t, + 20%) are affected by the precursor composition including Ox, base inhibitor (Py), copolymer inhibitor (PEPG)
and extra acid. Down arrow: inhibitors used to decrease the reaction rate. Up arrow: extra acid used to accelerate the reaction. co: non-reactive.

2Aqueous pKa value of corresponding acid.
bCalculated result by ACD Lab.4?

¢Maximum oxidant concentration at 25 °C. Too viscous to mix with monomer at higher concentration.

dMaximum oxidant concentration at 25 °C. Limited solubility.
€Maximum oxidant concentration at 25 °C. Too viscous for spin-coating at higher concentration.
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Figure 1 (a—c) AFM and SEM images of a 250 nm PEDOT:OTs-PEPG film (a;b;ci, P1-d) and a 1240 nm PEDOT:DBSA film (axbyco, P4). (a1)&(ap)
Topographic images. (b1)&(by) Phase images. (c1)&(cz) SEM images. (d) O(1s) XPS result of PEDOT films. (e) Elemental analysis by XPS. AFM, atomic force
microscope; DBSA, dodecylbenzenesulfonate; OT, tosylate; PEDOT, poly(3,4-ethylenedioxythiophene); PEPG, poly(ethylene glycol); SEM, scanning electron

microscope; XPS, X-ray photoelectron spectroscopy.

the reaction occurred evenly throughout the thick layer. Such thick
films with low sheet resistance (down to 5 Q) are potentially suitable
for various applications such as flexible TE devices or electrode
materials, while the PEDOT polymerized using conventional
oxidants often suffers a drastic decrease in electrical performance with
increasing film thickness due to the uneven evaporation of pyridine
and the remaining PEPG.?731:33

Effect of the anion on the reaction rate and doping level
To explain this self-inhibiting phenomenon, the role of the anion in

the polymerization was investigated. According to previous

NPG Asia Materials

experimental reports, the reaction rate (ry) is influenced by the
concentration of Fe’* and H*:?!

Fiow = ki [Fe**]*[EDOT)? + ky[H*] [Fe**] [EDOT] (1)

By using oxidants with WBAs, H* and Fe** concentrations can be
kept at relatively low levels throughout the polymerization, effectively
controlling the reaction rate. For example, in cpe=1M ideal
aqueous solution containing just enough EDOT, the H* and Fe’*
concentrations and the corresponding reaction rates are shown in
Figure 3 (see the calculation details in the Supplementary
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Figure 3 (a) Simulation of Fe3* concentration change during the CP reaction
process. (b) Rate of radical cation forming contributed by Fe3*. (c)
Simulation of H* concentration change during the reaction process. (d) Rate
acceleration contributed by the catalytic effect of H*. CP, casting
polymerization.

Information). The initial reaction rate, contributed by Fe** (r)), is
reduced by ~50% when the pKa increases from —2.8 (OTs) to 1.2
(CSA) and further reduced (by ~93%) with a pKa change from 1.2 to
2.5; the pKa values of WBAs in alcohol are often increased by at least 2
compared to the aqueous value.*> Furthermore, the acceleration
phenomenon (r;) caused by H* is also eliminated under high pKa
conditions. In the VPP process, EDOT first dissolves in the precursor
before reaction. The initial EDOT concentration and reaction rate are
much lower, resulting in a much longer reaction time, but following a
similar trend (Table 1). The SIP approach using oxidants containing
WBASs exhibits controllable reaction rates and results in satisfactory

film quality without the use of inhibitors. In contrast, rapid reaction
using conventional oxidants causes a sharp decrease in the electrical
property of the resultant film. Compared to the PEPG/pyridine-
inhibited VPP sample of PEDOT:OTs, the directly VPP polymerized
PEDOT:OTs without an inhibitor exhibits a poor ¢ of 21 Secm™!
(Table 1). Its higher S and dark appearance indicate a low-
doping level.

The doping levels are characterized by combined analysis of XPS
and Raman spectra data. The XPS S(2p) signals for sulfonates
(170166 eV) and thiophene units (166.5-162.5¢V) are different
due to the different electronegativities of the neighboring atoms, and
the ratio of the two signals reflects the doping level (Figure 4a).2>2%2°
The PEDOT:OTs synthesized using inhibitors have a doping level of
30.2%, almost twice the doping level (18.3%) of the sample
polymerized rapidly without using an inhibitor. Surprisingly, the
long-lasting SIP reaction of PEDOT:DBSA and PEDOT:BNSA using
the VPP method results in extremely high doping levels of >42.9%,
very close to the highest reported value (45.5%).2> The SIP reaction of
PEDOT:CSA using the CP method is not sufficiently stable (25 s) and
achieves doping levels similar to PEPG/Py-inhibited polymerization of
PEDOT:OTs. The doping level can also be reflected in the quinoid/
benzoid ratio of the PEDOT chain.** Raman spectra (Figure 4b) were
used to analyze the aromatic structure of PEDOT (see the overall data
and vibration modes in Supplementary Figure S2). To compare the
difference in aromatic absorbances, the spectra were normalized by
taking the peak at 990 cm™!, representing the oxyethylene ring
deformation (including three peaks at 438, 573 and 990 cm~!),%> as
the reference peak. The structure and the number of oxyethylene rings
of PEDOT do not change with the doping states and thus these
normalized peaks accurately represent the same amount of thiophene
units. After normalization, we could compare the doping state using
the intensities of the peaks at 1364 and 1429 cm™! that reflect the
benzoid structure of the PEDOT chain. This result shows that the
rapidly polymerized PEDOT:OTs have a much greater percentage of
the benzoid-type structure than the PEPG/Py-inhibited sample,
indicating its lower doping level. The above XPS/Raman results
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Figure 4 (a) S(2p) XPS result of PEDOT films showing DL under different reaction completion time (t). The doublet at high binding energy (170-166 €V) is
from the sulfonate anions and the doublet at low energy (166.5-162.5 V) is from the thiophene chain. The doping values are determined by the integral
area ratio of two kinds of peaks (2>0.996). (b) Raman spectra of PEDOTs polymerized with/without inhibitors. Rapid reaction could cause defects-induced
less doping-capable chains that resulted in sharp decrease of 6. (c) Raman spectra of PEDOTs doped with different counter-ions. The basicity-induced partial
dedoping of PEDOT resulted in slight decrease of o. (d) A schematic showing the two opposite effects of doping anion on the synthesis of PEDOT.
DL, doping levels; PEDOT, poly(3,4-ethylenedioxythiophene); XPS, X-ray photoelectron spectroscopy.

indicate that rapid reaction can result in higher concentrations of
defects or a lower degree of polymerization that prohibits the doping
capability of thiophene chains.

Effect of the anion on the polymer structure and transport property
The basicity of the anion also has a considerable influence on chain
conductance, which was also seen in the Raman spectra (Figure 4c).
To further examine the effects, we synthesized four different PEDOT
samples that were all polymerized under relatively mild conditions,
resulting in doping levels higher than 28.5%. The intensity of the
benzoid absorbance decreases with increasing acidity of the doping
acid. Such a direct influence of counter-ion’s basicity on the quinoid/
benzoid ratio is even greater than the influence of the doping level.
Even with a much higher doping level of 42.9%, PEDOT:DBSA still
shows a lower percentage of conjugated structure than PEDOT:OTs
(30.2% doping level). These results can be explained by the fact that
with decreasing basicity of doping anions, the stabilization effect of
positive charges created by the counter-ion is enhanced, which makes
it possible to sustain a higher conjugated length in the bipolaron.
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It could also be said that the WBAs may partially donate their
electrons to the thiophene rings and cause the dynamic balance to
move slightly toward the benzoid-type structure. The use of PEDOT
demands both good processability and performance, requiring a
moderate basicity of the doping anion (Figure 4d).

The polycrystalline structures of the different PEDOT samples were
observed using out-of-plane grazing incidence X-ray diffraction
(Figure 5a). The peaks were indexed according to previous
reports.>»?>20 Such structures are formed after the rearrangement of
polymer chains caused by the anisotropic shrinkage of the film during
the drying process.”! The ability to form fine crystals is determined by
the steric effect of doping anions as well as the purity of PEDOT. A
high degree of orientation was observed in all SIP samples, and only
(h00) peaks were visible. The first peak appears at 6.3° corresponding
to the lamellar packing of PEDOT chains (d=13.93 A). Broader peaks
with lower intensity were observed in PEDOT:CSA and PEDOT:
BNSA, indicating increased structural disorder caused by large and
rigid segments connected to SO5~ that obstruct the crystal growth. The
high crystallinity of PEDOT:DBSA is likely attributed to its smaller
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Figure 5 (a) Out-of-plane GIXRD diffractograms of PEDOT:DBSA, PEDOT:0Ts-PEPG, PEDOT:CSA and PEDOT:BNSA. Angle of incidence: 0.4°. Scanning

speed: 0.3° per min.

(b) The temperature dependence of o (normalized at 300 K) for PEDOT doped with anions of different steric effect. BNSA,

butylnaphthalenesulfonate; CSA, camphorsulfonate; DBSA, dodecylbenzenesulfonate; GIXRD, grazing incidence X-ray diffraction; OT, tosylate; PEDOT, poly

(3,4-ethylenedioxythiophene); PEPG, poly(ethylene glycol).

benzene segment and soft alkyl chains, which are able to fit in the free
space without disturbing the crystal arrangements.

PEPG/Py-inhibited PEDOT:OTs has a moderate crystallinity. An
additional (020) peak at 26.4° was observed, corresponding to the
n—n stacking of the thiophene rings (d=3.37 A), which cannot be
detected by out-of-plane scattering in the samples prepared by SIP.
This result indicates that the PEPG remaining in the polymer matrix
may participate in the shrinking process and cause structural disorder
and isotropic shrinkage due to its structural hindrance against the
pulling of the substrate.

The increasing disorder of polymer chains generates localized states
near the Fermi level that result in metal-Fermi glass transitions.?> The
decreased crystallinity results in a higher percentage of localized
carriers. The change in slope in the o versus T plot (Figure 5b) is
consistent with the grazing incidence X-ray diffraction results. The
naphthalene rings of PEDOT:BNSA are particularly rigid and have
great steric hindrance, which lower its 6 more than expected despite its
high doping level of 43.6%.

Due to the lower basicity and the smaller anion size, PEDOT:OTs
and PEDOT:OTf have exhibited potentially better electronic
performance and higher ¢ in well-prepared films in previous
reports.”>28 However, the steric effect of nonconductive copolymer
inhibitors and the challenge of controlling the polymerization should
also be considered, particularly careful control of the film thickness.
Therefore, PEDOT:DBSA seems to be a better option for applications
due to its appropriate basicity, which ensures both good chain
conductance and reaction control. The good solubility of FeDBSA;
in alcohols and the inhibitor-free environment allow the fabrication
of micron-thick homogeneous PEDOT films with high electrical
performance through a facile one-step synthesis.

Optimization of S%c

In TE applications, S?¢ can be optimized by dedoping PEDOT films
with reductants such as TDAE,?® hydrazine,*® NaBH,,?8 Na,S05*” and
even strong alkalis such as NaOH.#* In the present experiment, we
used 0.1 M phenylhydrazine (PHZ), a mild and alcohol-soluble
reducer, diluted with ethanol and acidified with different ratios of
dodecylbenzenesulfonic acid to adjust the reducing ability of the
reductant solution. According to the Nernst equation, the reducing

potential increases with decreasing pH value, which is in turn
determined by the acid/PHZ ratio. The PEDOT:DBSA film was
immersed in the reductant solution at different acid/PHZ ratios to
obtain PEDOT with different oxidation levels. As shown in Figure 6a,
the electrical conductivities of the reduced films monotonously
decreased with increasing S. The optimized S’¢ of 77.2 pW mK ™2
for the partly reduced film was obtained with an acid/PHZ ratio of 1.2.
Supplementary Table S5 shows the calculated maximum power output
of a single PEDOT film as a leg in a TE film module. Thick films with
optimized power factors generate more power than the thin pristine
films at the same temperature difference.

Figure 6b shows the UV-Vis—NIR spectra of pristine and dedoped
PEDOT. PEDOT?" (bipolaron) chains exhibit a broad absorption
band in the near infrared region. PEDOT" * (polaron) and PEDOT?
(neutral state) chains possess absorbance bands near 900 and 600
nm.234849 Ag the dedoping proceeded, the absorption near 600 nm
increased, which was then followed by a decrease in the broad IR
absorption, indicating that PEDOT?" was converted into neutral
PEDOTY. The absorption band near 900 nm increased at first and
then decreased, indicating that a polaron is a metastable state of the
carrier during the reduction process. The color of the films darkened
with increasing absorbance near 600 nm in the visible light region
(Figure 6¢). This result coincides with the changes in the TE properties
of the film. After being fully dedoped with pure phenylhydrazine
(Acid/PHZ ratio = 0), the doping level of the PEDOT:DBSA decreased
to 13.5% (Supplementary Figure S3a).

CONCLUSION

Novel oxidants (FeCSA3, FeBNSA; and FeDBSA;) with high solubility
and WBAs were used in the synthesis of high quality micron-thick
S-PEDOT films. The anions of these ferric salts exhibit self-inhibiting
function during polymerization and can inhibit both the ionization of
H" through their basicity and the crystallization of oxidants due to
their alcohophilic structure. The thickness of the obtained
homogeneous films reached the micron scale through a facile
one-step synthesis using the heavy coating solution without an
inhibitor. In addition, due to the appropriate anion basicity and low
steric effect, the slow and even reaction between EDOT and the
oxidant produced polycrystalline PEDOT:DBSA with an extremely
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Figure 6 (a) TE property of the reduced films as a function of acid/PHZ
ratio. (b) UV-Vis-NIR spectra of pristine PEDOT and reduced PEDOT with
acid/PHZ ratio varied from 1.4-0. ‘0’, ““+" and ‘++' stand for neutral state,
polaron state and bipolaron state, respectively. (c) Changing in color of the
reduced film. PEDOT, poly(3,4-ethylenedioxythiophene); TE, thermoelectric.

high doping level of 42.9%, a high ¢ of ~1100Scm™!, and film
thicknesses as great as 1.79 pm. The S%¢ of the pristine film reached
69.4 pW mK ™2 and was able to be further optimized by reduction.
This facile approach introduces great possibilities for the development
of new functional PEDOT materials through anion design and
the development of homogeneous thick films with high electrical
conductivity for practical applications.
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