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Abstract: This article demonstrates changes in the structures of poly (3,4-ethylene dioxythiophene):
polystyrene sulfonate (PEDOT: PSS) with the addition of organic additives. The mechanisms of
PEDOT: PSS are analyzed using X-ray photoelectron spectroscopy (XPS), cross-sectional images
obtained from scanning electron microscopy (SEM), and contact angles. In this paper, a bond-breaking
reaction and phase separation are successfully found to occur between PEDOT: PSS molecules and
the organic additives. Our research also finds that this bond-breaking reaction and phase separation
exist in the PEDOT: PSS—sorbitol-maltitol film at the same time. The addition of organic additives
will improve the optical properties and the moisture stability of PEDOT: PSS films.
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1. Introduction

Since optoelectronic devices became popular, more and more teams have been study-
ing them. It is worth noting that indium tin oxide (ITO) is the most common material
used for optoelectronics applications due to its low conductivity and high transparency.
However, ITO as a material also has some disadvantages, such as a shortage on Earth and
requirements such as a high temperature and a vacuum process for fabrication. Hence,
more and more studies have tried to find a low-cost material to replace ITO. To respond to
this need, conductive polymer material [1-5], carbon-based nanomaterials [6-8], metallic
nanostructures [9-11], and multilayer thin films [12-14] have been explored as transparent
electrodes. Among them, the high polymer material poly (3,4-ethylenedioxythiophene):
polystyrene-sulfonate (PEDOT: PSS) is a better option owing to its advantages such as
high transparency, low haze, and large-area application for its commercial availability.
Currently, an increasing number of researchers regard PEDOT: PSS as a potential material
for replacing indium tin oxide (ITO) in industrial applications.

However, PEDOT: PSS has a fatal flaw: its low conductivity of about 1090 S/cm, but af-
ter the addition of organic additives to PEDOT: PSS, the conductivity will increase. In 2002,
Kim et al. discovered that organic additives such as dimethyl sulfoxide, N, N—dimethy] for-
mamide, and tetrahydrofuran can be added to PEDOT: PSS [15]. Their research determined
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that the shielding effect between PEDOT and PSS is due to polar additives and pointed out
the importance of temperature and oDC for charge transport properties. After that, a rising
number of teams researched the addition of polar organic additives (DMSO, EG, DMF,
sorbitol, maltitol, and xylitol) into a PEDOT: PSS solution to improve conductivity [16-19].
It was found that the structure of PEDOT: PSS changes after doping with organic additive.
These phenomena can be used to enhance the conductivity of PEDOT: PSS films. Some
polar additives can achieve phase separation between PEDOT: PSS and can form an or-
dered PEDOT layer under the PSS layer, which can enhance the charge migration rate.
Our team pointed out that the PEDOT: PSS doped with organic additives will achieve
a bond-breaking reaction and phase separation [20]. Adding sorbitol to PEDOT: PSS can
achieve a bond-breaking reaction, which can increase the transparency of the film [21].
Adding maltitol to PEDOT: PSS can achieve phase separation due to the screening effect,
which can change the structure of the film [20]. The team of Liangqi Ouyang also found
that additives, such as dimethyl sulfoxide, ethylene glycol, and Polyethylene glycol 400,
induced a separation between PSS and PEDOT in highly conductive PEDOT: PSS films [22].
In another study, quantum dots, acid treatment, and heat treatment were used to change
the structure of PEDOT: PSS films. Fei-Peng Du et al. constructed PEDOT: PSS composite
films with graphene quantum dots to enhance the thermoelectric performance of the film,
which increased the electrical conductivity to 7172 S/m [23]. These apparent improvements
were attributed to the ordered arrangement of PEDOT chains on the surface of graphene.
There is a strong interfacial interaction between PEDOT: PSS and graphene and a separation
of the PEDOT and PSS phases. Acid treatments and annealing can both reorganize the
structure of the film. Mengistie et al. exploited formic acid to treat PEDOT: PSS layers
to then obtain a high-transparency and high-electrical-conductivity film [24]. After the
formic acid treatment, the conductivity of the PEDOT: PSS film increased to 2050 S/m. The
enhanced conductivity in the PEDOT: PSS layer was due to the high dielectric constant
of the formic acid, which could induce a shielding effect between the PEDOT and the
PSS. From the research of Qi Geng et al., it was also found that phase separation occurred
during the heat treatment of a PEDOT: PSS solution. It allowed the dispersed PEDOT
to agglomerate into strips and to form a conductive grid [25]. They also found that the
conductivity of the PEDOT: PSS film after annealing increased to 1305 S/cm.

In this study, adding 4 wt.% sorbitol to PEDOT: PSS can cause a bond-breaking
reaction, and adding 4 wt.% maltitol to PEDOT: PSS can cause phase separation. Moreover,
mixing sorbitol and maltitol at a ratio of 1:1 in PEDOT: PSS can be used to determine
that a bond-breaking reaction and phase separation occur at the same time. Additionally,
a detailed investigation of the bond-breaking reaction and phase separation is presented.

2. Materials and Methods
2.1. Material

The PEDOT: PSS was purchased from Heraeus (1.3-1.7 wt.% from H. C. Starck Baytron
P AI-4083, purchased from Heraeus Co., Hanau, Germany), maltitol was procured from
Alfa Aesar (Alfa Aesar, Shanghai, China, C1,H4011, 97%), sorbitol was obtained from
Sigma (St. Louis, MO, USA, CcH1404, 98%), and formic acid was secured from Sigma (St.
Louis, MO, USA, CHzoz, 980/0).

2.2. Experimental Details

The glass was cut into 3 cm x 3 cm as glass substrates. The substrates were cleaned
with acetone, methanol, and deionized water in an ultra-sonicator for 10 min. After that,
the substrate was surface passivated for 120 s using oxygen plasma at 20 W. The sorbitol
(4 wt.%) was added to PEDOT: PSS (hereinafter referenced as PEDOT: PSS—sorbitol), and
the maltitol (4 wt.%) was added to PEDOT: PSS (hereinafter referenced as PEDOT: PSS—
maltitol), and the mixture of sorbitol and maltitol at a ratio of 1:1 was added to PEDOT:
PSS (hereinafter referenced as PEDOT: PSS—sorbitol-maltitol). The reason we utilized the
concentration of 4 wt.% is because of its upper solubility limit. All of the mixtures were
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stirred with a stirrer at 300 rpm and baked at 100 °C for 20 min on a hot plate. The precursor
was coated onto the substrate with a spin-coating process utilizing a spinner at the first
stage at 500 rpm for 10 s and at the second stage at 2000 rpm for 20 s. Adding a low coating
stage can ensure evenness of the film, which is a nanomaterial [26]. Subsequently, the film
was baked at 100 °C for 20 min.

2.3. Characteristic Measurements

The surface morphology of the film was observed by scanning electron microscopy
(SEM; 6330TF, JEOL, Taipei, Taiwan). The film was quantified by X-ray photoelectron spec-
troscopy (XPS; PHI 5000, ULVAC-PHI, Hagisono, Chigasaki, Kanagawa Prefecture, Japan).

3. Results
3.1. XPS Spectra of PEDOT: PSS with and without Organic Additives

The surface chemical elements and structures of PEDOT: PSS were characterized by
X-ray photoelectron spectroscopy (XPS). Typical carbon spectra (C 1s) of PEDOT: PSS
are shown in Figure 1. In Figure 1a, the peak at 284.3 eV is attributed to the C=C chain
of «-PEDOT [27]. The peak at 285.1 eV is assigned to the C=C chain of 3-PEDOT [27],
and the peak at 286.3 eV is attributed to C-O/C-S chains [23]. In Figure 1b, the peak
at 285.1 eV is gone, which shows that the 3-PEDOT disappeared. This phenomenon is
also due to the bond-breaking reaction and disturbs the PEDOT chain, which is induced
by sorbitol. In Figure 1b, the peak at 288.1 eV is attributed to the C=O chain [28]. In
Figure 1c, it is worth noting that the peak 288.1 eV shifted to 287.3 eV, which is assigned to
the C-O-C chain [29]. This phenomenon is due to phase separation, which is induced by
maltitol. The addition of maltitol transformed the PEDOT chain from a benzoid structure
to a quinoid structure [30]. Additionally, the XPS image of PEDOT: PSS-maltitol shows that
the B-PEDOT also disappeared. This leads to the conclusion that the addition of organic
additives to PEDOT: PSS removes the peak of 3-PEDOT. In Figure 1d, the XPS image
displays both a bond-breaking reaction and phase separation, letting the peak of 287.3 eV
shift to 287.6 eV and inducing a peak at 288.7 eV.
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Figure 1. C (1s) peak of XPS spectra for (a) PEDOT: PSS, (b) PEDOT: PSS—sorbitol, (c) PEDOT:
PSS-maltitol, and (d) PEDOT: PSS—sorbitol-maltitol.
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The XPS spectrum of S 2p peaks is shown in Figure 2. In Figure 2, the peaks at 163.3 eV
and 164.7 eV are presented for S 2P3 ;; and S 2P /5, which are from the PEDOT. Additionally,
the peaks at 167.2 eV and 168.8 eV are presented for the S 2P3,, and S 2Py /, of PSS. For
the ratio between PEDOT and PSS, the area is displayed in Table 1. In Table 1, the sample
of PEDOT: PSS presents the ratio of PEDOT and PSS as 0.51%. For the sample PEDOT:
PSS—sorbitol, the ratio of PEDOT and PSS is 0.69%. This phenomenon is consistent with
the suggestion by Jonsson et al. that excess PSS is washed away during the film-forming
process [31]. Additionally, it is worth noting that the ratio between PEDOT and PSS for the
sample PEDOT: PSS—-maltitol is 0.96%. It has a large increase due to the phase separation,
which is induced by the maltitol additive. It will cause the film of PEDOT: PSS film to
separate so that the PSS layer floats on the surface of the film. Additionally, after the
spin-coating process, the PSS layer is thrown out. For the PEDOT: PSS-sorbitol-maltitol
sample, the ratio between PEDOT and PSS decreased to 0.72%, which is shown in Table 1.
This decline is due to the existence of phase separation and a bond-breaking reaction in the
PEDOT: PSS—sorbitol-maltitol film.
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Figure 2. S (2p) peak of XPS spectra for (a) PEDOT: PSS, (b) PEDOT: PSS—sorbitol, (¢) PEDOT:
PSS—-maltitol, and (d) PEDOT: PSS—sorbitol-maltitol.

Table 1. The XPS (S 2p) area ratio of PEDOT: PSS doped with sorbitol and maltitol.

Sample PEDOT Area Ratio (%) PSS Area Ratio (%) Ratio (PEDOT/PSS)
PEDOT: PSS 34 66 0.51
PEDOT: PSS-sorbitol 41 59 0.69
PEDOT: PSS—maltitol 49 51 0.96
PEDOT: PSS-sorbitol-maltitol 42 58 0.72

To further understand the mechanism of PEDOT: PSS with and without organic
additives, the XPS sputter in-depth profile was analyzed. In Figure 3a, the C 1s, O 1s, and
S 2p of PEDOT: PSS are measured. In Figure 3b, the increasing curve of C 1s is attributed to
cross-linkage associated with the C=C double bonds at 12 min [32]. In Figure 3b, the line
of O 1s appears before 6 min. This phenomenon has shown that the addition of sorbitol
achieved a bond-breaking reaction and produced sulfide ions. In Figure 3¢, the increasing
curve of C 1s is due to phase separation, which is achieved by the maltitol additive. This
indicates that there is a strong interaction with PEDOT chains after phase separation. It
is worth noting that the sulfur signals at 7 min are weak, which suggests that the PEDOT
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chains were coated with enriched-PSS chains. In Figure 3c, the declining O 1s line at 6 min
is due to the phase separation, with PEDOT chains destroying the crystalline region and
the stack structure of PEDOT: PSS [23]. In Figure 3d, the XPS sputter in-depth profile of
the PEDOT: PSS—sorbitol-maltitol film is similar to Figure 3c. This phenomenon occurred
when the film achieved phase separation.
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Figure 3. XPS sputter in-depth profile for (a) PEDOT: PSS, (b) PEDOT: PSS-sorbitol, (c) PEDOT:
PSS-maltitol, and (d) PEDOT: PSS—sorbitol-maltitol.

3.2. Cross-Sectional SEM Micrograph of Bond-Breaking Reaction and Phase Separation

To further understand the changes in the PEDOT: PSS after phase separation and
bond-breaking reactions. Scanning electron microscopy (SEM) cross-sectional images of
PEDOT: PSS, PEDOT: PSS with sorbitol, PEDOT: PSS with maltitol, and PEDOT: PSS with
sorbitol and maltitol are shown in Figure 4. In Figure 4a, the thickness of PEDOT: PSS is
about 497.3 nm, as shown in Table 2. The morphology of the cross-sectional shows that
the coil-like PEDOT: PSS curled together. In Figure 5, the schematic of the PEDOT: PSS
structure and formation of the film are displayed, which is consistent with the conjecture
by the team of Jonathan Rivnay [33]. In Figure 4b, the thickness of PEDOT: PSS-sorbitol
declined to 179.5 nm, as shown in Table 2. This phenomenon was confirmed as the result of
a purge of PEDOT: PSS during the spin-coating process [32]. In addition, there is a round
bump (red circle) on the image, which can be referenced as a PEDOT: PSS particle, as
shown in Figure 4b. This can confirm that sorbitol added to PEDOT: PSS achieves a bond-
breaking reaction. In Figure 4c, it can be observed that there is a PSS layer floating on the
PEDOT layer and that the total thickness is 315.6 nm, as shown in Table 2. The upper layer
accounts for the PSS layer (96.1 nm), and the lower layer is considered the PEDOT layer
(219.5 nm), which confirms that phase separation is achieved by adding maltitol to PEDOT:
PSS. This result is also consistent with the result of Table 1 showing that the upper PSS
layer is removed during the spin-coating process. In Figure 4d, the thickness of PEDOT:
PSS—sorbitol-maltitol is 184.4 nm, as shown in Table 2. It can be seen that there is a layer
floating on the left and that the thickness is 75.3 nm, which is also referred to as the PSS
layer. Meanwhile, there is a core—shell particle (red circle) laying on the right site. Both
properties confirm that PEDOT: PSS-sorbitol-maltitol can achieve a bond-breaking reaction
and phase separation at the same time.



Crystals 2022, 12, 1109 60f9

X30,000  100nm WD 10.7mm

Figure 4. Scanning electron microscopy (SEM) micrograph of the cross sections of (a) PEDOT: PSS,
(b) PEDOT: PSS-sorbitol, (¢) PEDOT: PSS-maltitol, and (d) PEDOT: PSS—sorbitol-maltitol.

Table 2. The thicknesses of PEDOT: PSS doped with organic additives.

Sample Thickness (nm)
PEDOT: PSS 497.3
PEDOT: PSS-sorbitol 179.5
PEDOT: PSS—-maltitol 315.6
PEDOT: PSS-sorbitol-maltitol 184.4
(@ (b)
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Figure 5. PEDOT: PSS structure and morphology: (a) PEDOT: PSS molecular structure and (b) resul-
tant film with the PEDOT: PSS-rich (blue) and PSS-rich (grey) phases.
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3.3. Contact Angle Analysis of PEDOT: PSS Doped with the Organic Additives

Measuring the contact angle can be used to further understand the mechanism behind
the addition of organic additives to PEDOT: PSS. In Figure 6a, the contact angle result of
the pristine PEDOT: PSS film is 25.7°, which is the contact angle of methane with PEDOT:
PSS. Methane is used to measure the contact angle because PEDOT: PSS films are highly
hydrophilic. In Figure 6b, the contact angle result of the PEDOT: PSS—sorbitol film is 32.7°.
The results show that the addition of sorbitol to PEDOT: PSS causes a change in the PEDOT:
PSS structure. In Figure 6¢, the contact angle of the PEDOT: PSS—maltitol film increases
to 39.5°, which confirms the existence of phase separation. This phenomenon confirms
that adding maltitol can achieve phase separation and lets the hydrophobic PSS layer float
on the PEDOT layer. This result is additional evidence to confirm the existence of phase
separation, which also matches the image in Figure 4c. In Figure 6d, the contact angle of the
PEDOT: PSS—sorbitol-maltitol film declines to 35.6°, which is between the contact angles of
PEDOT: PSS-sorbitol film and PEDOT: PSS—maltitol film. It can be explained by the PEDOT:
PSS—sorbitol-maltitol film exhibiting both phase separation and bond-breaking reaction at
the same time. In conclusion, this is breakthrough evidence that can confirm the existence
of a bond-breaking reaction and phase separation in PEDOT: PSS—sorbitol-maltitol film at
the same time.

@ (b)

25.7°

32.7°

(d)

39.5°
35.6°

Figure 6. Contact-angle measurements with methane for (a) PEDOT: PSS, (b) PEDOT: PSS-sorbitol,
(c) PEDOT: PSS—maltitol, and (d) PEDOT: PSS-sorbitol-maltitol.

4. Conclusions

In summary, the cross-sectional image of PEDOT: PSS-maltitol is clearly layered, with
a PSS layer and a PEDOT layer. Various techniques—XPS, SEM, and contact angle—showed
the mechanism of PEDOT: PSS with or without organic additives. It can be attributed to the
existence of phase separation in the PEDOT: PSS-maltitol film. The cross-sectional image
of PEDOT: PSS-sorbitol-maltitol also shows the existence of phase separation and a bond-
breaking reaction at the same time. In our study, the mechanism behind the bond-breaking
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reaction was investigated. Based on the evidence presented above, different mixtures of
organic additives added to PEDOT: PSS can achieve different properties.
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