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Due to their good electrical conductivity and versatility, conductive polymers (CPs), in particular,
poly(3,4-ethylene dioxythiophene) (PEDOT):poly(styrene sulphonate) (PSS), have recently attracted
considerable research interest in bioelectronics applications. This study provides insight into the
mechanisms in PEDOT:PSS for increasing electrical conductivity. As such, the preparation of doped
PEDOT:PSS using distinctive approaches, such as undergoing treatment and using secondary dopants is
focused primarily on improving its electrical efficiency. It also systematically addresses various primary
Received 31st March 2021, parameters that have significant effects on its conductivity. We present the potential of doped
Accepted 6th September 2021 PEDOT:PSS for many promising applications in fields such as bioelectronics, through an in-depth
DOI: 10.1039/d1ma00290b analysis of the most remarkable studies recorded by various research groups over the past decade.
Therefore, this review is expected to be significantly helpful in promoting further studies, as well as
rsc.li/materials-advances paving the way for increased qualification and productivity for future revolutions of organic CP materials.

1. Introduction

Conductive polymers (CPs) are well-known as smart materials
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conductivity of polyacetylene-doped iodine as a p-type dopant
(oxidizing agent). Subsequently, in 1978, polyacetylene mixed
with an n-type dopant (reducing agent) depicted a conductivity
effect. These early works on polyacetylene have stimulated
research interest in utilizing conductive polymers for end-
user applications. Interestingly, these CPs possess excellent
electrical and electronic properties, while allowing excellent
control of the electrical stimulus due to the presence of con-
jugated backbone n-electrons.** In addition, the great benefits
of CPs are that their chemical, electrical, and physical proper-
ties can be adapted to their particular application needs by
undergoing doping or reversible doping processes. Specifically,
CPs can be fully applied in bioelectronics, such as tissue
engineering or regenerative medicine, which aims to substitute
or recover malfunctioning or failing tissue by merging bioactive
molecules, cells, and scaffolds.>® It is noted that there is informa-
tion on CPs for bioelectronics such as biosensors, neural probes,
neural prostheses, and controlled release systems.”®
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Several other common CPs include polythiophene (PT), poly-
(3,4-ethylene dioxythiophene) (PEDOT), polyacetylene, polypyr-
role (PPy), poly(p-phenylene vinylene), and polyaniline (PANI).
PEDOT is one of the conductive polymers most studied among
CPs due to its excellent electro-optical properties and compara-
tively high electrical conductivity.” " Generally, PEDOT can be
prepared via polymerization using either a chemical oxidative
or electrochemical process. The preparation of PEDOT by the
chemical oxidative process produces a higher yield without the
need for a special setup.'? Even though PEDOT possesses high
electrical conductivity, it is insoluble in water which makes it
difficult to process. This problem, however, can be solved using
a polyelectrolyte such as poly(styrene sulfonic acid) (PSS) that
serves as a dopant and stabilizer for PEDOT through a charge
balance.”®™® This contributes to the emergence of a water-
based PEDOT:PSS complex that is stable with a deep blue
micro-dispersion, which is thus suitable for industrial-interest
processing.

PEDOT:PSS is a conductive polymer that offers good trans-
parency, low density, low thermal conductivity, high thermal
stability, good compatibility, flexibility, and low cost of produc-
tion with aqueous deposition techniques dependent on the
solution.”® Interestingly, PEDOT:PSS dispersions are available
commercially under the name CLEVIOS™ by Heraeus (formerly
H. C. Starck), BAYTRON®™ by Bayer AG, and Agfa’s Orgacon.
It should be noted that neither the synthetic path of the PSS nor
its molecular weight is usually revealed for commercially
obtained PEDOT:PSS. The PEDOT:PSS aqueous solutions,
specifically Clevios, are commonly used to formulate highly
conductive electrodes. As such, different grades of PEDOT:PSS
are developed and marketed to meet the requirements in
various organic electronics applications such as transparent
electrode (Clevios P, Clevios PH500, Clevios PH510, and Clevios
PH1000), ink-jet printing (Clevios P VP Al 083), hole injection
layer (Clevios P VP CH 8000), and antistatic coating (Clevios P).
Table 1 describes the ratio of PEDOT to PSS, and the electrical
conductivity of commercialized PEDOT:PSS. However, the
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Table 1 Properties of commercialized PEDOT:PSS products

PEDOT:PSS Conductivity PEDOT: PSS ratio Solid

commercial name (Sem™) (by weight) content (%) Commercial use Ref.

Clevios PH 500 0.2-1 1:2.5 1.0-1.4 Conductive and stretchable electrode for electronic devices 16-21

Clevios PH1000 0.2-1 1:2.5 1.0-1.3 Conductive electrode and stretchable for electronic devices 22-43

Clevios P 0.2-1 1:2.5 1.2-1.4 Conductive electrode for electronic devices 22 and 44-47

Clevios PVP AI 4083 10 °-10* 1:6 1.3-1.7 Hole transport/injection layer of organic electronics, 34 and 48-54
inkjet printing

Clevios PVP CH 8000 10 °-10"° 1:20 2.5-3.0 Hole transport/injection layer of organic electronics 55

electrical conductivity of PEDOT:PSS is lower than that of other
conductive polymers or metal oxides, which is less than 1 S ecm ™,
making PEDOT:PSS a standalone electrode that is unsuitable for
bioelectronics application.”””® Fortunately, it is possible to boost
the conductivity by using secondary dopants, in particular, by
introducing organic solvents such as ethylene glycol (EG) and
dimethyl sulfoxide (DMSO),”°~*® or by introducing poly(alcohols)
such as sorbitol and glycerol,*””* or by adding surfactants such
as sodium dodecyl sulfate (SDS), hexadecyltrimethylammonium
bromide (CTAB), and poly(oxyethylene) phenyl ether,””® or by
treating acids such as phosphoric acid (H;PO,), sulfuric acid
(H,S0,), and sulfonic acid.”*”® Based on the literature, the
transparent and highly conductive PEDOT:PSS films have been
studied extensively, particularly for replacing indium tin oxide
(ITO) in photovoltaics (OPV),””* solar cells,*'** OLED devices,**
and touch screens.®® Furthermore, PEDOT:PSS has currently been
documented in bioelectronic applications, such as stretchable
and wearable electronics.*>®” Hence, due to its significant advan-
tages over other CPs, PEDOT:PSS has great potential as a trans-
parent electrode substrate of the next generation. Furthermore,
PEDOT:PSS is easy to use, highly stable in environmental condi-
tions, has strong clarity in the field of visible light and various
conductivity applications using secondary doping products that
are appropriate for different applications.

Although such high conductivities of PEDOT:PSS are
achieved, the fundamental mechanisms for the observed
enhancement of conductivity are often debated and considered
controversial.®® Therefore, further efforts are required to clarify
the origins of this improved conductivity for PEDOT:PSS.
In addition, the statistics found in the Web of Science indicate
that literature related to PEDOT:PSS conductivity has been
published in over 100 distinct journals with over 200 research
papers in the last decade, causing considerable difficulty in
further study. A logical overview of randomly distributed litera-
ture concerning the PEDOT:PSS conductivity enhancement
approaches and processes is a critical requirement. This would
be an important guide for PEDOT:PSS research, manufacture,
and implementation in the near future.

Therefore, this review primarily emphasizes the mechanism
for enhancing PEDOT:PSS conductivity through both physical
and chemical approaches. It also addresses the use of highly
conductive PEDOT:PSS films and hydrogels in bioelectronics,
as well as the prospects for future research efforts. Given the
vast number of new possibilities that PEDOT:PSS could bring, it
is hoped that the review will provide insight for revolutionizing
the engineering world, specifically the biomedical field.

7120 | Mater. Adv,, 2021, 2, 7118-7138

2. Approaches to tailoring PEDOT:PSS
conductivity

PEDOT:PSS has a complex structure due to the combination of
two polyelectrolytes. The chemical structures of PEDOT:PSS are
shown in Fig. 1a and b to counterbalance the charge of the
carriers in conjugation with the conjugated poly(3,4-ethylene
dioxythiophene) (PEDOT) and the poly(styrene sulfonate) (PSS).
Specifically, based on Fig. 1b, the -OH groups in the PSS
structure disassociated to give H' in water, then the H" deli-
berately targeted the double bond of the PEDOT’s thiophene,
which led to the formation of hydrogen bonding. At the same
time, the electrons of the C-O mutual electron pairs were
attracted by O due to their higher electronegativity. This
phenomenon was preceded by the fact that the C of the C-O
bond had become a positive charge. The ionic bond was formed
between the C*" and the O~ of the PSS structures.®* In addition,
the chemical structure of PEDOT:PSS can be compared with the
morphological model shown in Fig. 1c, which demonstrates its
formation of colloidal gel particles when dispersed in water,
and the resulting films are microstructured with PEDOT:
PSS-rich (blue) and PSS-rich (grey) domains. Small segments
of PEDOT are in close contact with the PSS bundles in the form
of a solution. This observation results in the formation of a
colloid of gel particles in water. This is due to the difference
in molecular weight, resulting in a large density of the two
components. The average molecular weight of PEDOT is
approximately 1000 ¢ mol™ ", while the molecular weight of
PSS is approximately 400 000 g mol".”° As such, the density of
PEDOT is the highest in the center of the particles, while the
density of the hydrophilic PSS is the highest in the periphery.
As such, the deposition and drying of PEDOT:PSS led to the
formation of a pancake-like morphology of grains with a
PEDOT-rich center and a PSS-rich shell. The PEDOT:PSS mor-
phology thus plays a major role in determining the PEDOT:PSS
conductivity mechanism. This covers the effects of the process-
ing method and any other additives (commonly known as
“secondary dopants’’) incorporated into the recipe to enhance
the conductivity for the intended applications.

The conductivity of the film produced from the aqueous
PEDOT:PSS suspension depends largely on the ratio of the two
components. It is noteworthy that even though the PEDOT:PSS
film was prepared with nearly the same conductivity as the
as-prepared PEDOT:PSS aqueous solutions (Table 1), typically
within 0.1-1 S em %, the increase in the PEDOT:PSS films
conductivity is strongly influenced by the grade.?* For example,

© 2021 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ma00290b

Open Access Article. Published on 07 September 2021. Downloaded on 10/31/2025 4:23:06 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

Review Materials Advances
a b
PEDOT"  /—\ N\ /\
g o d o g o 7 P95
:/
KK o000
Y s s” {_J s U U U
— /:\ ()=?=OQ=?=OO=?=OO=?:OO:I5=()
(0] (o} (o] (o] o (o] OH OH 0’ OH OH
—/ j— —/ Electronegativity: \\ H*
pss~  SOsH SOsH SO;H SO; SOH SOH
— a synthesis formation of colloidal gel - )
\ onto PSS particles in dispersion <= > 2 Zz%" ~ Aggregates/crystallites
N template N\-;é,:_f_\v- AR support enhanced
\\ oo e SESES TS electronic transport
\ D AL i ol i d
DR T RALES < TERTE e =
T s Solution o
resulting film with == — —5=
PEDOTPSSsich <
(blue) and PSS-rich SEEERSSs - __ RN, SSSSSCTIoC L0 ocpmees =3

(grey) phases =

Fig. 1 The (a) chemical structure, (b) reaction, and (c) morphological scheme of PEDOT and PSS. Reproduced with permission,*® Copyright©2013,

Hindawi.>® Copyright©2016, Springer Nature.

the Clevios P film conductivity may be up to 200 S cm ™", while
the Clevios PH1000 film conductivity may be up to 600-
700 S cm ™! after DMSO or EG treatment.®® In addition, conduc-
tivities above 1000 S cm ™" have also been reported for treated
Clevios PH1000 films. PEDOT:PSS films from Clevios PH1000
aqueous solution added with EG were doubly treated in the EG
bath. As a result, the conductivity of PEDOT:PSS films improved
to 1418 S cm™'.”” Clevios PH1000 achieved 1164 S cm ™' film
conductivity through treatment with hexafluoroacetone tri-
hydrate (HFA).>*> Further improvement on conductivity to over
3000 S cm™' was achieved by treatment with sulfuric acid
(H,S0,4) for Clevios PH1000.°°" This conductivity on plastic
substrates is much higher than that of indium tin oxide (ITO)
and equivalent to ITO on the glass substratum. Nonetheless,
the issues of scarcity, which causes the price of indium to
skyrocket, and high mechanical frailty, are important to point
out. Such concerns are a problem for the long-term availability
of ITO and could cause ITO to be inadequate for versatile
electronic devices of the next generation. PEDOT:PSS displays
great potential as an alternative to ITO as the transparent
electrode for optoelectronic equipment.

Therefore, over the last decades, a lot has been done to
enhance the conductivity of PEDOT:PSS. The lack of electrical
conductivity is due to the insulating PSS shell that restricts the
transmission of charge across the grains, even though the core
is rich in conductive PEDOT. Therefore, various approaches
have been conveyed to dramatically enhance PEDOT:PSS’s
conductivity by tailoring this electrical property. These approaches
include (1) solvent doping treatment, (2) solvent doping combined

© 2021 The Author(s). Published by the Royal Society of Chemistry

with post-treatment, (3) ionic liquid treatment, (4) acid treatment,
and (5) the addition of metal nanoparticles. These approaches will
be comprehensively described and comparatively studied.

2.1 Treatment by solvent doping

The chemical procedure known as solvent doping treatment
provides a means for improving PEDOT:PSS’s conductivity.
Here, a polar organic compound with a high boiling point is
added to the PEDOT:PSS solution or used to treat the PEDOT:
PSS film. Table 2 summarizes the key results of several
conductivity-enhancement studies for doped PEDOT:PSS with
organic solvents such as ethylene glycol (EG), polyethylene
glycol (PEG), diethylene glycol, dimethyl sulfoxide (DMSO),
dimethyl sulfate, tetrahydrofuran (THF), N,N-dimethyl forma-
mide (DMF), sorbitol, glycerol, meso-erythritol, xylitol, and
methoxy ethanol. Other organic solvents can be classified into
the OH group, such as ethanol (EtOH) and methanol (MeOH),
while acetone can be classified into the non-OH group. A major
improvement of the conductivity ranging from 0.5 S cm ™! to
1233 S cm ™ can be achieved depending on the process and the
solvent. Usually, the high boiling solvent is applied before the
deposition to the PEDOT:PSS dispersion, and thus this
approach is called the solvent additive method. Therefore,
based on the previous research done to improve the conduc-
tivity of PEDOT:PSS by the solvent additive method, it can be
said that this type of approach is simple, versatile, and easy to
process. The process is direct and the conductivity of the doped
PEDOT:PSS can be characterized without any difficulty. This
approach is more convenient to researchers for evaluating the

Mater. Adv,, 2021, 2, 7118-7138 | 7121
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Table 2 Applications of solvents as the secondary dopant to enhance the conductivity of PEDOT:PSS as reported in previous studies

Conductivity (S cm ™)

Solvent Chemical structure Method Pristine PEDOT:PSS Doped PEDOT:PSS  Ref.
Doping 0.2 (Clevios PH1000) 960 41
HO Doping 0.3 (Clevios PH1000) 640 51
EG ~" o Doping 1 (Clevios PH1000) 735 77
Doping and post-treatment 1 (Clevios PH1000) 1418
O P . .
PEG H 0) Doping 0.3 (Clevios PH1000) 805 51
n
Diethylene glycol O™~ ™" Doping 0.006 10 94
Doping 2.5 1233 42
Doping 0.2 (Clevios PH1000) 890 41
‘l-? Doping 0.3 (Clevios PH1000) 350 31
DMSO S Doping 0.3 437 61
HsC CH Doping 0.2-1 619 63
Doping and post-treatment 0.7 (Clevios PH1000) 994 27
Doping and vapor annealing method 4.5 770 59
N //O
Dimethyl sulphate HsC /S\O/CH?’ Doping 0.07 (Clevios P) 132 47
EG:DMSO Doping and post-treatment 1 (Clevios PH1000) — 64
THF Doping 0.2-1 (Clevios P) 4 62
0]
J _cHs . .
DMF H N Doping 0.2 (Clevios PH1000) 1.2 41
|
CH3
Dimethyl formamide & . .
or y-butyrolactone o” =0 Doping 0.2 (Clevios PH1000) 0.87 41
"3"‘ oH Doping 0.26 100 69
Sorbitol i O/Y\/\/ Doping and annealed post-treatment 10~° 10 71
i
OH OH
OH Doping 1 14.89 84
Glycerol H O\)\/ OH Doping and annealed post-treatment 1 1300 67
OH
. OH .
meso-Erythritol HO/\/‘\/ Doping 0.4 155 95
OH
OH OH
Xylitol ”°Q\(K/°" Doping 12 115 96
OH
Methoxy ethanol S~ Doping 0.003 (Clevios P VP Al 4083) 0.61 60
H Doping 0.2 (Clevios PH1000) 370 41
| Doping 0.52 40.51 97
Methanol H—C—0 Doping and post-treatment 1 (Clevios PH1000) 1362 43
I
H
P Doping 0.2 (Clevios PH1000) 0.35 41
Ethanol OH Doping 0.52 46.07 97
0 Doping 0.2 (Clevios PH1000) 0.24 41
Acetone )k Doping 0.52 35.33 97
(o] Doping 0.2 0.5 84
e .
Water H” H Doping 0.2 3 41

electrical performance of the PEDOT:PSS for specific applica-
tions such as sensors and solar cells. It is also noted that the

utilization of different grades of PEDOT:PSS would result in
different conductivities after the addition of the solvent. For

7122 | Mater. Adv, 2021, 2, 7118-7138 © 2021 The Author(s). Published by the Royal Society of Chemistry
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example, the addition of ethylene glycol to the PEDOT:PSS has
been reported in many studies.”**> Even though the researchers
claimed to utilize PEDOT:PSS grade Clevios PH1000, the initial
conductivity differed: 0.2 S em™*, 0.3 S em !, and 1 S ecm™ .
Yet, the improvements in the PEDOT:PSS conductivity by solvent
doping treatment were similar, namely, two orders of magnitude.
Other types of solvent also improved the conductivity of
PEDOT:PSS by one to two orders of magnitudes. The different
types of solvent give various conductivities for PEDOT:PSS because
these solvents have their own dielectric constants at room tem-
perature due to the dipole moment between the solvent
molecules.®” The higher the dielectric constant of a solvent like
DMSO, the stronger the screening effect between counterions and
charge carriers, thereby minimizing the Coulomb interaction
between the positively charged PEDOT and the negatively charged
PSS. Mechanisms for the PEDOT:PSS conductivity improvement
will be discussed in a subsequent section.

However, the solvent additive approach to enhancing the
electrical conductivity of PEDOT:PSS has the disadvantage of
insufficient conductivity being achieved for certain applications
such as organic solar cells. For instance, PEDOT:PSS with the
addition of ethylene glycol achieved a conductivity of 735 S cm ™,
while a solvent post-treatment method remarkably increased
the conductivity to 1418 S cm ".”” The mechanism for this
conductivity improvement will be discussed in the next section
(Section 2.2). As such, it is suggested that an additional process
is performed to improve the PEDOT:PSS conductivity after the
addition of the solvent.

The post-treatment method would enhance the conductivity
of the resulting PEDOT:PSS film, in addition to adding solvents
to the PEDOT:PSS solutions. In general, thermal annealing
treatment has led to improvements in the conductivity and
stability due to decreased water absorption by denser PEDOT
chains packing. It has been confirmed that the PEDOT:PSS
aqueous solution achieved an increase in conductivity when
sorbitol was applied, and the resulting film was then baked at a
high temperature of more than 100 °C.°® The interchain inter-
actions in the PEDOT:PSS film decreased at high temperature
as the additive acted as a plasticizer to help re-orient the PEDOT
chains. On the other hand, methanol caused a screening effect
between positively charged PEDOT chains and negatively
charged PSS chains. This behavior suggests a reduction in the
coulombic interaction between them, as is the case with high
boiling points for secondary dopants. This will lead to the
separation of phases on a nanometer scale, as shown by the
segregation of the excess PSS.** Also, the highly polar hydro-
philic methanol can easily dissolve the PSS-separated hydro-
philic phase and facilitate removal from the film. This behavior
would promote the reorientation of the PEDOT polymer chains
from coiled to linear or extended coil form, enabling the
conductive polymers to be more interchained. As a result, there
will be a lowering of the energy barrier for inter-chain and inter-
domain charge hopping and a smoother transfer of charges
between PEDOT chains. The phase-separated and re-oriented
PEDOT chains will make it easier for the charges to hop, and
a massively enhanced conductivity will eventually be achieved.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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It can be concluded that the post-treatment method, whether it
is carried out using high temperature or solvent addition after the
PEDOT:PSS film was formed (also known as the post-deposition
method), does play a vital role in the arrangement of the PEDOT
and PSS molecules within the chains. Based on previous studies,
it is proposed that the doped PEDOT:PSS film undergoes a
thermal annealing process for a better conductivity improvement
of up to three orders of magnitude.

2.2 Treatment with ionic liquids

Apart from solvent additive and post-treatment method to
tackle the low conductivity of PEDOT:PSS, ionic liquids could
also be a potential solution. Organic and inorganic salts
identified as ionic liquids (ILs) have distinctive attributes like
good chemical stability, low ignition, insignificant vapor pres-
sure, and non-volatility. This kind of dopant is broadly used in
many areas of technology such as optoelectronics. The addition
of various ILs in the Baytron P PEDOT:PSS has demonstrated
significant conductivity enhancement.’® In particular, numer-
ous imidazoles have been synthesized: 1-butyl-1-methylpyrroli-
dium chloride (43 S cm™'), 1-benzyl-3-methylimidazolium
chloride (49 S em™"), 1-ethyl-3-methylimidazolium chloride
(55 S em™ "), 1-butyl-3-methylimidazolium bromide (118 S cm™ %),
and 1-butyl-3-methylimidazolium tetrafluoroborate (136 S cm ™).
One can conclude that ILs demonstrate excellent performance
as accompaniments in PEDOT:PSS films for enhancing the
conductivity. The conductivity enhancement of PEDOT:PSS films
by adding 2-methylimidazole, a derivative of imidazole was
reported.®® The incorporation of synthesized 2-methylimidazo-
lium hydrogen sulfate, 2-methylimidazolium bromide, and
2-methylimidazolium chloride in the PEDOT:PSS has been pro-
ven to improve conductivity.’® It was assumed that the mecha-
nism for enhancing PEDOT:PSS conductivity via ionic liquids
resulted in the phase segregation of PSSH chains from PEDOT:
PSS and the conformational change of PEDOT chains. PEDOT:
PSS composition and structure can also be altered by acidic ionic
liquids. To protect the coulombic attraction between PEDOT and
PSS, the PSS chains can be separated by the ionic liquid-
mediated phases. Any of those PSS chains can be removed by
washing with water from polymer solutions. This act precedes
the improvement of conductivity for PEDOT:PSS by reducing the
less conductive shell, which is the PSS. At the same time, AFM
showed that doped PEDOT:PSS has a clearer and flatter film,
showing that the insulating PSS was washed from the PEDOT:
PSS surfaces, leaving a higher conductive layer with a large
amount of PEDOT chains on the surface (Fig. 2). The increase
in conductivity is also associated with a screening effect between
the positively charged PEDOT chains and the negatively charged
PSS chains, while weakening their coulombic interaction.

The utilization of ILs as a secondary dopant for PEDOT:PSS
is very limited. Only a few studies have focused on the effect of
incorporating ILs on the electrical conductivity of PEDOT:PSS
films,>®:88:9%:987199 byt it could be said that the results obtained
from these studies are promising. However, it is not recom-
mended that ILs be incorporated with PEDOT:PSS for biological
applications. A more concise understanding of these ILs on the
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Fig. 2 AFM images of (a) untreated PEDOT:PSS and that treated with (b) 2-methylimidazolium chloride, and (c) 2-methylimidazolium hydrogen sulfate

films. Reproduced with permission,®® Copyright©2015, Taylor & Francis.

conductivity improvement of PEDOT:PSS is required for further
research.

2.3 Treatment with acid

Acid treatment usually consists of soaking the as-cast PEDOT:
PSS films in strong acid to enhance the electrical conductivity.
Alternatively, for the PEDOT:PSS films cast at high temperatures
of around 120 °C, aqueous dilute acid solution is employed. Some
studies have revealed the efficacy of the strong acid soaking
treatment to boost the conductivity of PEDOT:PSS films by three
orders of magnitude, or by up to 3000 S cm ™. The post-treatment
approach is generally a more widely used process for treating
acids. Sulfuric acid (H,SO,) and hydrochloric acid (HCI) are also
used to effectively enhance PEDOT:PSS conductivity. Findings
regarding the impact of acid treatment on the electrical con-
ductivity of PEDOT:PSS are summarized in Table 3.

The enhancement of the PEDOT:PSS conductivity was
confirmed when treated with 1 M and 100% H,SO,;’*”> the
conductivity was enhanced by up to three orders of magnitude.
Further enhancement of PEDOT:PSS conductivity up to four
orders of magnitude has been achieved by the incorporation of
various sulfonic acids into PEDOT:PSS.?® The acid-like chloro-
platinic acid (H,PtClg) has a good predisposition to establish
PtCl,; Pt*" ions are released to Pt**, and at the same time,
PEDOT chains are oxidized to create more charge carriers.
On the other hand, in pristine films, PEDOT chains are
wrapped by Coulomb forces by PSS, and coil conformations
and resonant benzenoid structures are introduced. Charges are
located in such structures in the PEDOT chains where the
contact points for two PEDOT chains are restricted, and there
is an extreme energy hopping barrier. Also, H,PtCls will dis-
sociate into anions and H' in PEDOT:PSS aqueous solution.
The H* will bind directly to the SO~ groups in PSS, thereby
reducing their negative charges and the coulombic interactions
between PEDOT and PSS, eventually resulting in the phase
separation of the two components. This separation step allows
PEDOT the opportunity to attain a linear chain conformation
and quinoid resonant structure, which tends to be excellent at
providing longer paths and more points of contact between
PEDOT chains for charge transport. Therefore, the carrier
efficiency is enhanced by more than two orders of magnitude.
The conductivity of PEDOT:PSS is also hugely improved as both
the carrier concentration and mobility are increased.

Recently, hydrobromic acid (HBr) treatment was used to
achieve PEDOT:PSS film with high conductivity.®® The studies
looked at the effect of post-treatment with acid deposited on
the surface of the PEDOT:PSS thin film. The mechanism of the

7124 | Mater. Adv, 2021, 2, 7118-7138

conductivity enhancement for the pristine PEDOT:PSS after HBr
post-treatment is due to the change in the structure conformation,
where a one-dimensional fibril-like structure was observed under
an atomic force microscope (AFM). This is because the PSS chain
was separated from the coiled structure of chains that were joined
together by large PEDOT:PSS core-shell particles. The PSS chain
separation was also confirmed by X-ray photoelectron spectro-
scopy (XPS), which showed that the intensity ratio of the peaks
corresponding to sulfur atoms in PEDOT to PSS increased after
treating PEDOT:PSS with HBr. Further progress in the high
conductivity resulting from the HBr treatment needs to be inves-
tigated for appropriate applications.

The preparation of PEDOT:PSS films by acid treatment is more
effective than the solvent additive method according to the factor of
conductivity enhancement reported by previous research. However,
acid treatment would not be suitable for certain applications such
as bioelectronics for biomedical applications. It is not recom-
mended that acids be utilized to improve the conductivity of
PEDOT:PSS for biological application due to the use of the end-
product in direct contact with a person’s skin. Acids are well known
as hazardous chemicals and are thus unsafe for human skin.

2.4 Metal nanoparticles

Another approach that has attracted much effort from research-
ers is the incorporation of metal nanoparticles into PEDOT:PSS.
The hybridization between the conducting polymers and metal-
lic nanoparticles is expected to enhance the electrical conduc-
tivity for appropriate applications such as in the biomedical
field. Table 4 lists the metal nanoparticles used for incorpora-
tion into PEDOT:PSS, as reported by numerous studies.

Silver nanoparticles were synthesized before doping with
PEDOT:PSS. This is because silver has the highest conductivity
among other metals, according to the periodic table. Silver
nanoparticles have attracted significant interest for synthesis
and doping into PEDOT:PSS for conductivity improvement.
Silver also possesses antimicrobial properties, hence it is
suitable for biomedical applications. Specifically, the synthesis
of silver nanoparticles was carried out in different manners.
Interestingly, the most common method was the in situ method
through the chemical reduction of silver nitrate (AgNO;) by
sodium borohydride (NaBH,). The reaction between silver
nitrate and sodium borohydride is given as follows:'**

AgNO, + NaBH, — Ag + 1/2H, + 1/2B,H + NaNO; (1)

The synthesis of silver nanoparticles is predicted to occur
from Ag" in the presence of PEDOT:PSS, which is reduced by
NaBH, to Ag,. The silver atoms expand as clusters to form

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Acid modifications of the conductivity of PEDOT:PSS reported in the literature

Conductivity (S cm )

Doped
Acid name Chemical structure Method Pristine PEDOT:PSS PEDOT:PSS  Ref.
H\(|3
. . Dipping and annealing _3 _3
Boric acid (H;BO3) _B<__H post-treatment 7 x 10 8 x 10 101
? 0]
H
OH Dipping (1 M) 0.3 (Clevios PH1000) 3065 80
| Dipping (100%) 0.2-1 (Clevios PH1000) 4200 102
Sulfuric acid (H,S04) O_T_O
OH
H” O. N/'O
Nitric acid (HNO3) " Dipping 0.2-1 (Clevios PH1000) 4100 103
O
i
Fé‘osgh)onc acid HO—IID—OH Dipping 1 (Clevios PH1000) 1460 26
3 4
OH
)
\\s/°"
Dipping (benzenesulfonic
©/ \\o acid (BSA)) 1996
I
s S s Dipping (methanesulfonic
S OH
I acid (MSA)) 1755
o
o\\‘/on
\ Dipping (4-chlorobenzenesulfonic 1944
o acid (CI-BSA))
Cr
0
\\s _OH
Dipping (p-hydroxyben-zenesulfonic
o acid (HO-BSA))
OH
c\\ on
. . / .
Sulfonic acid s\\ Dipping (p-toluenesulfonic 0.6 (Clevios PH1000) 1501 20
° acid (TSA))
()
\\s _-OH
Dipping (4-ethylbenzenesulfonic
\/O/ \\o eia RS o
o
\\s/°"
\ Dipping (B-naphthalene sulfonic
OH
LN/
X
o Dipping (camphorsulfonic 580
acid (CSA))
(]
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Table 3 (continued)
Conductivity (S em™)
Doped
Acid name Chemical structure Method Pristine PEDOT:PSS PEDOT:PSS  Ref.
H+
Chloroplatinic acid (H,PtCl) H* & Dipping 0.9 1094 104
Cl_1.C
Pt
( I C
(¢]
\}i /OH
Hydrobromic acid (HBr) O —Br Deposition 0.6 1250 99
/ N
OH
HO

Table 4 Metal nanoparticles incorporated into PEDOT:PSS as reported in the literature

Metallic Conductivity (S cm ™)
nanoparticles Particle
name Source Synthesis method size (nm) Pristine PEDOT:PSS Doped PEDOT:PSS Ref.
Silver Silver nitrate (AgNO;) Chemical reduction using sodium 7.7 £ 2.9 1.5 x 10°° 2.4 105
borohydride (NaBH,) and doping (Baytron P)
Chemical reduction using NaBH, 28.18 + 12.1 5.17 x 10 ° 1.63 106
(2.64 x 107> M; 10:1)
Chemical reduction using NaBH, 18.01 + 11.7 2.9 x 10"
(2.64 x 107> M;1:1)
Chemical reduction using NaBH, 15.01 + 10.5 2.6 x 1072
(5.28 x 107> M; 1:1.2)
Chemical reduction using NaBH, 11.5 & 7.7 5.24 x 107*
(1.58 x 107" M; 1:10)
AgNO; (1 x 107° M) Chemical reduction using NaBH, 107
(2 x 107* M) and doping
AgNO; Polyol chemical route (polyvinyl 2.0 x 1077 2.8 x 107* 108
pyrolidone (PVP))
AgNO; Direct reduction in PEDOT:PSS 109
Silver acetate (1 x 10~2 M) Direct reduction in PEDOT:PSS 30 110 and
Chemical reduction using NaBH, 112
(1x107'M)
v-Radiation 420
Gold Chloroauric acid HAuCl,  Micro-plasma 4.1 0.16 (1.3 wt% 3.5 113
(2 x 107°° M) dispersion in H,0)
HAuCl, (0.145 x 10> M)  Citrate reduction 3.1-12.2 559 664 114
HAuCl, (0.66 x 107> M) Redox reaction with NaBH, 2.5-6.9 104 241 115
HAuCl, (0.25 x 107° M) Redox reaction with NaBH, and ~ 13.1 + 2.2 1100 2000 116
CTAB
Copper Copper chloride (CuCl,) Chemical reduction with 56 9.64 x 10 * 7.23 x 103 117

hydrazine hydrate and polyol,
process using cetyl trimethy-

lammonium bromide (CTAB),
and polyvinylpyrrolydone (PVP)

nanoparticles. The excess PSS gives the PEDOT:PSS complex
an anionic nature that further promotes the consistency of the
silver nanoparticles. The synthesized silver nanoparticles that
were functionalized in situ with PEDOT:PSS were demonstrated.'®®
The electrical conductivity of PEDOT:PSS-doped silver nano-
particles (Ag NPs) increased by three orders of magnitude. Subse-
quently, the influence of Ag NPs synthesized by different molar
ratios of the reducing reagent (i.e. NaBH,) was investigated. It was

7126 | Mater. Adv, 2021, 2, 7118-7138

found that the electrical conductivity (¢) improved as the size of
the silver nanoparticles increased, reaching nearly 1.63 S cm™*
from 5.17 x 10> S cm . The results were verified by the
schematic representation in Fig. 3,'°® where large silver nano-
particles could possibly encounter more than one PEDOT
islands simultaneously, thus bridging the distance between
different PEDOT islands in PSS isolation. Greater surface
interaction occurred between PEDOT and the bridging silver

© 2021 The Author(s). Published by the Royal Society of Chemistry
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. PEDOT

Contact area between PEDOT and
bridging Ag NPs

Fig. 3 Schematic illustration of the structure of the films formed by the ink-jet printing of silver nanoparticles doped-PEDOT:PSS. Adapted with

permission, ' Copyright©2013, Elsevier.

nanoparticles (yellow area). Since the functions of silver and
PEDOT:PSS are similar, more efficient conducting networks can
be combined with larger silver nanoparticles, resulting in
higher thin-film efficiency. In this case, the Ag NPs acted as
the encapsulating agent for the conducting polymer, enabling
electrical performance improvement by forming a combination
between the metal core and a conductor polymer shell. The
electrical conductivity pattern showed that larger particles
lead to higher conductivity. Two conceptual mechanisms can
potentially describe the result. First, the formation of silver
nanoparticles disrupted the complexation of PEDOT with PSS,
prompting the PEDOT chains to form a more extensive con-
formation related to a more conductive form of quinoid.
Second, PSS is an insulating material that blocks the flow of
charge carriers through the conductive PEDOT chains. The
interaction between PSS~ and Ag" could be established to solve
this problem, in which the silver nanoparticles serve as elec-
trical connections between the isolating PSS chains and the
conductive PEDOT chains. In addition, the existence of Ag NPs
on the PEDOT:PSS has been claimed to offer the least resistance
path to electrons, thus allowing quick electron movement
through the PEDOT:PSS/Ag film, suitable for supercapacitance
application.’® The Ag NPs embedded with PEDOT:PSS showed
increased conductivity ranging from 19% to 85%, thus offering
great potential as a layer in the solar cell application.'*® There-
fore, Ag NPs offer promising characteristics to the PEDOT:PSS
for several applications by increasing its conductivity by up to
two orders of magnitude. Even though the synthesis of Ag NPs
is time consuming and there were errors during the process, it
is expected to give a long-life end-product such as sensors and
solar cells, resulting in worthwhile experiences for users.

Gold nanoparticles (Au NPs) have been extensively explored
for biomedical applications in drug delivery, cancer treatments,
and imaging, as well as for biological and chemical sensing,
catalysis, and solar cells."** The synthesis of Au NPs to yield Au’
atoms from the reduction reaction of an aqueous solution
comprising gold salt pre-cursors like chloroauric acid (HAuCl,)
is suggested.'"*"® TSH and DT thiols were used as the capping
reagents for Au NPs. Thiol-capped Au NPs were created by
reducing HAuCl, with NaBH, in the presence of the appropriate
thiol which resulting in the particle size of around 2.5-2.8 nm
for Au-TSH NPs and 6.9 nm for Au-DT NPs.''> PEG-thiol
has also been investigated as a protective ligand for Au NPs;

© 2021 The Author(s). Published by the Royal Society of Chemistry

the average diameter of the nanoparticles was about 13.1 nm.**®
Capping agents are necessary to stabilize the extracted Au NPs
before doping with PEDOT:PSS. It was realized that the Au NPs
had a larger particle size, thus affecting the conductivity of
PEDOT:PSS because of the higher carrier mobility where Au
NPs are in direct contact with PEDOT molecules, enhancing
carrier hopping while reducing carrier concentration.’****> The
methods proposed for preparing Au NPs to incorporate with
PEDOT:PSS opens up wide opportunities for developing electro-
des to serve specific purposes in industry.

The advantage of copper nanoparticles (Cu NPs) over Ag NPs
and Au NPs is their relatively low cost.''” However, Cu NPs are
easily oxidized at ambient temperature, making it difficult to
employ. Hence, it has been suggested that chemical reduction
from CuCl, be applied, and capping agents like CTAB and PVP
be introduced to minimize oxidation and agglomeration. The
enhancement of conductivity for PEDOT:PSS is contributed by
Cu NPs as connectors. Although the conductivity of Cu NPs is
lower than that of Ag NPs and Au NPs, the preparation method
of Cu NPs is claimed to be more economical because of the
cheap Cu precursors. Hence, the utilization of these NPs shows
great potential as electrodes for many applications in electronic
devices or other suitable purposes.

2.5 Summary

In summary, there are numerous methods for enhancing the
conductivity of PEDOT:PSS by incorporating secondary dopants.
The organic solvents increased the conductivity, exceeding
1000 S cm ™, and it was then further improved to more than
2000 S cm ! by the application of ionic liquids. Other com-
pounds such as acids can also enhance the conductivity of
PEDOT:PSS to more than 4000 S cm ™' post-treatment. Interest-
ingly, the introduction of metal nanoparticles has brought a
new concept to the manufacture of PEDOT:PSS as a nanocom-
posite, thus offering promising properties for bioelectronic
applications.

3. Conductivity enhancement
mechanisms of PEDOT:PSS

Despite the progress made in enhancing the electrical conduc-
tivity of PEDOT:PSS by various methods, whether physical or
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chemical, the mechanism for these conductivity enhancements
is debatable. The PEDOT:PSS conductivity enhancement mecha-
nism is assumed to be dependent on the types of chemicals used
for treatment, the properties of the chemicals, and the method
of treatment applied. Until now, several researchers have sug-
gested various mechanisms,?*3%3447:51,69,93,105,1187120 The mogt
stated view from various research papers is the eradication of
slight PSS from PEDOT:PSS, possibly due to the phase separation
between PEDOT and PSS, as well as the conformation of PEDOT
chains from a coil structure to an extended coil or linear
structure. Based on the previous section, PEDOT:PSS is a poly-
electrolyte consisting of the closely bound, positively charged
conjugated PEDOT and the negatively charged non-conjugated
PSS due to strong coulombic attractions. In the pristine film,
PEDOT and PSS create a core-shell structure where the core
region is rich in conductive PEDOT and the shell region is rich in
insulating PSS. SInce the conductive centre is surrounded by the
insulating layer, it is difficult for the carriers on the PEDOT chain
to pass through the film, resulting in the low conductivity of the
pristine film. Therefore, secondary doping is necessary to
improve the conductivity of PEDOT:PSS.

3.1 Screening effect in PEDOT:PSS by solvents

The screening effect is as important as the polar solvent, which
reduces the coulombic interaction between PEDOT" and PSS~
chains to improve conductivity, though typically the PEDOT:
PSS solution is more stable before organic solvents are added.
Researchers have focused on the methods of treating PEDOT:
PSS films with polar organic compounds for this purpose.
As such, the conductivity of PEDOT:PSS has been improved
by adding tetrahydrofuran (THF), dimethylformamide (DMF),
or dimethyl sulfoxide (DMSO) solvents, mainly due to the polar
solvent screening effect.®” It was observed that on adding
DMSO, as compared to DMF and THF, the PEDOT:PSS’s con-
ductivity was boosted by up to two orders of magnitude at room
temperature. Due to the high dielectric constant of added polar
solvents, the screening effect was assumed to occur between the
charge carriers and counter-ions. This lowers the coulombic
interaction between PEDOT and PSS, thereby improving the
PEDOT:PSS conductivity.*®

The addition of sorbitol to PEDOT:PSS, on the other hand,
allows the ordering of polymer chains during film formation,
and the driving force for increased conductivity is the

P i
OH OH
OH
honic bond OH OH J
— PSS
—— PEDOT
—— Sorbitol

View Article Online

Review

interaction of the dipoles in the polar solvent with the positive
charges of PEDOT.”® As such, the interaction of sorbitol-
PEDOT:PSS via hydrogen bonding leads to a screening effect.
Additionally, sorbitol treatment screens the ionic interaction
between PEDOT and PSS to improve ionic bonding.'® The
screening effect leads to a successful phase-separation between
PEDOT and PSS. This re-orients the coiled shape of PEDOT and
PSS chains as shown in Fig. 4a. Besides, PEG/EG treatment
screens the ionic interaction between PEDOT and PSS by
forming hydrogen bonds with both PSS~ and PSSH.>® This
results in a strong step separation between PEDOT and PSS,
allowing the linear orientation of the PEDOT chains, as shown
in Fig. 4b.

The polar structure of acidic ionic liquids may be one reason
for the higher conductivity. There is the tendency for acidic
ionic liquids to remain between PEDOT and PSS, to cause
further distance between the two forms, and to prevent chains
tangling around themselves. Due to the ionic liquid behavior, it
allows direct electron transport so that electron transport from
one chain to another can be easily accomplished and the
hopping behavior can be improved. Therefore, ionic liquids
transform the twisted chains into a linear mode, providing a
lower electron transmission path and drawing on the core/shell
structure to boost conductivity through the hopping loop.’®

3.2 Phase segregation in PEDOT:PSS

Another mechanism for the conductivity enhancement of
PEDOT:PSS is the division of phases. The phase segregation
between PEDOT and PSS was revealed on the surfaces by
adding secondary dopants such as DMF, EG, sorbitol, and
DMSO to produce PEDOT:PSS film. This activity enhanced
the electrical conductivity of PEDOT:PSS from 0.5 S cm ™ to
775 S em™'. A gradual increase in secondary dopant concen-
tration resulted in the separation of PSS-rich islands from the
conductive network of PEDOT resulting in a better direction
of conductivity and increased electrical conductivity. The
observed phase separation between PEDOT and PSS was assigned
to the secondary doping mechanism and is not contingent on
the secondary doping content, as evidenced by the phase shift
probability profiles.'*!

Ionic liquids, such as 2-methylimidazolium hydrogen sulfate
(C4HgN,0,S), have a beneficial relationship with both PEDOT
and PSS chains. Due to these interactions, PEDOT chains use

o
I
o
o3
v}
Q
o
~

Ionic
interaction

bonding

Fig. 4 Schematic illustration of the mechanism of conductivity enhancement of PEDOT:PSS with (a) sorbitol and (b) PEG. Reproduced with
permission,'® Copyright©2013, Hindawi.>* Copyright©2013, Royal Society of Chemistry.
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Fig. 5 Conceptual diagram of the cross-sectional view of the PEDOT:PSS
film undergoing phase separation. Adapted with permission,*** Copy-
right©2018, John Wiley and Sons.

C,HgN,0,S to distinguish the chains from PSS. This resulted in
decreased coulombic interactions between PEDOT and PSS. The
hydrophobic PEDOT and hydrophilic PSS chains were separated
from each other in phase. Similar findings were also reported in
which depletion of the insulating PSS induced a highly conduc-
tive PEDOT 3D conducting network and resulted in an improve-
ment in PEDOT:PSS conductivity treated with both EG and PEG.
The phase image obtained by AFM showed that the pristine
films were homogeneous with disconnected PEDOT chains and
weak phase separation between PEDOT and PSS, while there was
a good phase separation between PEDOT chains and PSS chains
with more fiber-like, conductive PEDOT chains after films.”®
Fig. 5 illustrates the behavior of PEDOT during the phase
segregation process from PSS, leading to increased electrical
conductivity.

3.3 Conformational modifications in the PEDOT:PSS
structure

Conformational modifications to the PEDOT:PSS structure
have also led to the enhancement of conductivity. Previous
researchers reported that Atomic Force Microscopy (AFM)
revealed a twisted wire-like structure that was transformed after
the post-treatment with DMSO from a core-shell structure. This
was due to the reduction in coulombic interaction between
PEDOT and PSS, which resulted in the phase-by-phase separa-
tion of the hydrophobic PEDOT from the hydrophilic PSS.”
Simultaneously, the presence of the S(2p) peak in the XPS
spectra suggested that the decline in coulombic interactions
between PEDOT and PSS may be due to the screening effect
between the PEDOT" chains and PSS~ chains.”® While also
eliminating PSS, PEDOT chains changed from a coiled struc-
ture to a linear form. This conformation change helped to
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reduce the energy barrier of charge hopping on the PEDOT:PSS
film that also resulted in conductivity improvement. The
findings were further confirmed by Raman spectroscopy, with
the presence of the strongest band between 1400 cm ' and
1500 cm™'. The band referred to the C_a=—C_f symmetrical
stretching by the five constituent thiophene rings on the
PEDOT chains. Raman spectroscopy provided some details
about the polymer chain’s intramolecular conductivity, which
were verified by electronic absorption spectra. This indicates
that the resonant structure of the PEDOT chains differed from
the benzenoid structure, which would also be preferred for coil
conformation to the quinoid structure, and preferred for the
extended coil or linear conformation as shown in Fig. 6.°9%12
The reorientation of the PEDOT polymer chains from coiled
to linear or extended-coil configuration allows for even greater
interchain contact between the conductive polymers. The
energy barrier for hopping inter-chain and inter-domain
charges will therefore be reduced, leading to a good transfer
of charges between PEDOT chains. Additionally, the linear
structure of PEDOT-rich chains, as well as greater grain size,
and weaker inter-grain hopping facilitate charge hopping,
thereby contributing to higher conductivity. PEDOT:PSS films
fabricated by adding secondary dopants such as DMSO, EG,
DMEF, or sorbitol have shown conductivity enhancement based
on the previous statement.>® A comparable result has also
been reported for ionic liquids.’® In a PEDOT:PSS film, both
coil and linear or extending-coil conformations appear, but
once ionic liquids that minimize coulombic interaction are
added, the coil conformation becomes a linear or extending-
coil conformation that boosts conductivity. This alteration of
the conformation increases the free volume and enhances
chain interaction to promote conductivity based on the hop-
ping mechanism.

Similar findings of surface topography and phase separation
in PEDOT:PSS-doped EG films were observed via AFM by
presenting good uniformity, thus giving the PEDOT-rich grains
an up-close connection and integrated phase separation, that
further resulted in increased conductivity. These findings sug-
gest that solvents were added to rearrange the conductive
PEDOT particles and to isolate the PSS washed off from the
surface, thus providing a better route for charge movement in
the film, resulting in increased conductivity.

(ii)

=

—— PSS chain ===me PEDOT segment

Fig. 6 Schematic structure of the conformational change (a) from benzenoid to quinoid depicted by the blue and red colour in the sketch of the PEDOT
molecular structure, and (b) the proposed structure of PEDOT:PSS. Adapted with permission,®® Copyright©2015, John Wiley and Sons.%”

Copyright©2019, MDPI.
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Fig. 7 Schematic representation of the structural reorientation of the PEDOT:PSS films by (a) H,SO4 and (b) HNOs treatment. Adapted with
permission, 't Copyright©2015, Royal Society of Chemistry.1°? Copyright©2015, John Wiley and Sons.

In the case of acid treatment, it is important to note that the
H' from the acid neutralizes the R-SO;~ ion group from PSS
during the preparation of PEDOT:PSS with strong acid treat-
ment to enhance the conductivity, causing a weakening of the
coulombic attraction between PEDOT and PSS. As seen in the
equation below, there was phase separation between PSSH
chains and the PEDOT:PSS matrix.

H' + PSS™ — PSSH (2)

The chains are easily washed by deionized water from the
PEDOT:PSS matrix, leaving the crystalline PEDOT, which tends
to exhibit high conductivity. At the same time, PEDOT chains
formed a more oriented structure.'?® Fig. 7a and b portray the
structural rearrangement or reorientation of PEDOT:PSS films
by the modification with H,SO, and HNO;.

3.4 The inherent molecular structure of PEDOT:PSS

Another mechanism for the conductivity enhancement of PED-
OT:PSS is by the inhibited structure itself.>'** A material’s
electrical conductivity is essentially determined by its electronic
structure. The theory of energy bands is a helpful tool for
understanding the variations between insulators, semiconduc-
tors, and conductors. Theoretically, the band gap is the differ-
ence in energy between a material’s valence and conduction
bands. For insulators, the gap in the band is too wide to be
filled by electrons, so they do not conduct electricity. Semicon-
ductors have a narrow energy gap that can be crossed by
electrons when excited to enter the conduction band, creating
a hole apart. This enables the transportation of both hole and
electron charges, which causes current to be conducted. In the
case of conductors, when the valence band coincides with the
conduction band, the valence electrons can pass and spread in
the conduction band, which is an inherent attribute of the
conductors.

However, the energy band theory does not explicitly explain
how CPs conduct electricity as organic materials. Several
researchers have dealt with the molecular-level transport pro-
perties of CPs. The widely accepted electronic characteristics
of pure CPs from the chemists’ perspective is the existence
of single- and double-conjugated bonds across the polymer
skeleton. Both single and double bonds comprise a localized
c-bond, creating a tight chemical bond. Conversely, every
double bond even comprises a weaker, localized n-bond. The
n-bond between the first and second atoms of carbon is
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transported to the spot between the second and the third
atoms. In exchange, the n-bond between the third and fourth
carbon passes to the next carbon, and so on. Consequently, the
electrons in the double bonds pass along the carbon chain,
where the p,-orbitals in the n-bond chain constantly coincide,
and the electrons in the m-bonds pass across the carbon
skeleton. Conjugated double bonds thereby further facilitate
electrical discharge, but do not render highly conductive poly-
meric materials.

3.5 Doping effects of solvent in PEDOT:PSS

Doping introduces charge carriers (positive or negative) called
polarons and bipolarons into the polymers and renders con-
ductivity through p-type doping (oxidation and positively
charged polymers) and n-type doping (reduction and negatively
charged polymer).>*7-°>12%123 Thege charge carriers are scat-
tered throughout the polymer chains, rendering better electri-
cal conductivity. Dopants may contribute to the PEDOT:PSS
chain by withdrawing electrons and transferring the electrons
towards the polymer backbone.

A basic interpretation of the doping effect would be that
electrons are either removed from the valence band’s highest
occupied molecular orbital (HOMO) (oxidation) or moved to the
conduction band’s lowest unoccupied molecular orbital
(LUMO) (reduction). This cycle of oxidation/reduction produces
charge carriers in the form of polarons (radical ions), bipolar-
ons (dianions or dications), or solitons in the polymer.>"'®
Specifically, CPs can be divided between degenerate and non-
degenerate models, depending on their ground-level bond
structures. Degenerate polymers have two similar dimensional
structures at ground level, while non-degenerate polymers show
two distinct structures at ground level with varying energies,
such as benzenoid and quinoid structures in which the benze-
noid energy is weaker than the quinoid.

A major improvement in the conductivity of PEDOT:PSS
films with an increase in the doping standard by adding
dimethyl sulfate has been proven.”” The SO; ™ ions in PSS are
known to carry only one negative charge, which is more likely to
produce polaronic states, whereas the SO, ions are doubly
charged, increasing the probability of creating bipolaron car-
riers in PEDOT chains. Consequently, the partial replacement
of PSS~ by SO,”” ions increases the bipolar output with an ion-
exchange loop provided by the rise in the doping rate, resulting
in improved conductivity.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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3.6 Fundamental conductivity consideration

In addition to the conductivity improvement mechanisms for
PEDOT:PSS discussed in the preceding sections, the funda-
mentals should also be considered. Conductivity, denoted by o,
is calculated from data on surface resistance (Ryq), as identified
by resistivity (p):

®)

1
0=-
p

Concerning the following equation, the surface resistance
(Rsq) and film thickness () can also be derived from the
electrical conductivity (o):

1
Ry x t

7= 4

In general, the conducting polymer’s electrical conductivity
(s) is related to the carrier concentration (n) and Hall mobility
(111).*® The equation is given as follows:

g=e X [ig XN (5)

e is recognized as electric charging.

These fundamentals are very useful for researchers who
investigate the electrical performance of any conductive
material. The characterization techniques carried out by the
researchers would have used these equations in obtaining
results. Therefore, these fundamentals play an important role
in demonstrating the conductivity of the materials and can be
related to the other mechanisms discussed in the previous
sections.

3.7 Temperature-dependence of the conductivity of
PEDOT:PSS

Temperature also affects the flow of electrical conductivity in
conducting polymers. Charge hopping among polymer chains
through almost every conductive polymer is assumed to be the
decisive conduction mechanism. The expanded interchain
contact between the conductive PEDOT chains would promote
charge hopping. This is articulated through the PEDOT:PSS
film conductivity quantification from 295 K to liquid nitrogen
temperature. The conductivity based on the temperature
dependence of PEDOT:PSS is as follows:

1
2

(1) =ovexp | () (©)

0o is the conductivity at infinite temperature and T, is the
characteristic temperature. Specifically, Ty = 16/(kgN(Eg)L| L %)
is the energy barrier between localized states, N(Eg) is the
density of the states at the Fermi level, and L; (L) is the
localization length in the parallel (perpendicular) direction. For
instance, the conductivity of PEDOT:PSS by adding EG as a
secondary dopant was enhanced significantly with decreasing
To.” This reaction shows a relatively low energy barrier between
the PEDOT chains and a longer charging localization length.
It is thus aligned with an expanded interchain contact and the
expected alteration of the structure. The Mott variable range

© 2021 The Author(s). Published by the Royal Society of Chemistry
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hopping (VRH) framework assigns this action in which the
temperature-dependent conductivity obeys the following:

o(T) = oo exp [_ <1T0)} )

Here, o is the power coefficient and represents 1/(1 + D), in
which D is the function dimensionality in the model of the VRH
theory. In other words, the power coefficient o = 1/2 accounts
for the transport of 1D charge, while o = 1/4 signifies the
hopping of charge throughout all three dimensions. The
authenticity of the PEDOT:PSS’s VRH model has been
highlighted.?*”%%193:125 The temperature-related conductivity
showed 1D VRH charge transport for undoped PEDOT:PSS,
while 3D VRH charge transport was seen for highly conductive
doped PEDOT:PSS films.*?

A study regarding conductivity enhancement for PEDOT:PSS
incorporated with various concentrations of sorbitol has been
proven to fit the temperature-dependence theory, as revealed in
Fig. 8a. Based on the figure, a slight increase in conductivity
with a linear two-step variation was observed in the range of
20 to 80 °C, while a further increment in temperature to 120 °C
showed a rapid increase in conductivity. In addition, the
relationship between the weaker energy barrier with the incre-
ment of the electrical conductivity of PEDOT:PSS films after a
solution treatment is due to the reduction of the interchain
charge hopping. This indicates that the PEDOT:PSS film
solution treatments may promote the hopping of charges
between the interchains, and is possibly influenced by two
factors.”' One is the existence of an insulator from PSSH that
also interrupts the hopping of charges between the interchains.
The conformation of the PEDOT chains is linked to another.
Specifically, charge hopping over linear PEDOT chains is much
simpler than over the coil conforming structure of PEDOT
chains. The resistivity temperature dependence in PEDOT:PSS
can also be fitted with the mechanism of the one-dimensional
variable range hopping (VRH):**

R(T) = Ryexp (?)% (8)

R, is the infinite temperature resistivity and T, is perceived as
the temperature when distortion triggers the significant separa-
tion of energy that arises within localized states. In the case of
PEDOT:PSS acid treatment, specifically using H,PtCls, the
resultant film acts as either a metal or semi-metal at tempera-
tures greater than 230 K, due to a decrease in resistance, as
illustrated in Fig. 8b. Reducing the T| value by adding H,PtCl,
indicates how the conformation change in the PEDOT chains
decreased the transportation of charges to pass the energy
barrier. To put things differently, charge hopping over linear
PEDOT chains becomes much more convenient than with coil
conforming PEDOT chains, as mentioned earlier.

3.8 Electrochemical behaviour of PEDOT:PSS

The electrochemical behaviour is essential in the field of
bioelectronics, which is associated with a key element called

Mater. Adv,, 2021, 2, 7118-7138 | 7131
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the organic electrochemical transistor (OECT).*> The OECT
often operates with a p-type conducting polymer; PEDOT:PSS
is the most commonly used. Generally, the electrochemical
behaviour of pristine PEDOT:PSS follows the electrochemical
reactions below:'%

PEDOT'PSS™ + H' + e~ <> PEDOT’ + PSS TH'  (9)

The redox reactions can be investigated by using cyclic voltam-
metry (CV). CV is an electrochemical method that uses a set
scan rate in mV s~' to measure the current generated by
an applied voltage. CV is required to analyse redox processes
in conductive polymers (CPs), where reduction results in
negatively charged polymer chains and oxidation results in
positively charged polymer chains during redox reactions. This
charge and discharge are related to the doping and de-doping
of the CPs. As a result, ions migrate into and out of the polymer
matrix during doping and de-doping. After that, given a reversible
mechanism, the current peak is computed by the following:*®

i= 112F2ATV( (10)

exp 0
RT(1+ exp 6))
where 7 is the electron number, F is the surface coverage, A is the
area of the electrode in cm?, v is the potential scan rate, and
0 = (nF/RT)(E — E°). It is noted that the equation is only valid for
low diffusion coefficient dopant ions in thin films of CPs. The
occurrence of the mechanism has been examined in experiments
on the electrochemical behaviour of PEDOT:PSS incorporated
with silver nanoparticles (Ag NPs) as the electrode for electro-
chemical supercapacitors.'® In these circumstances, the cyclic
voltammograms show balanced redox peaks with one-electron
redox processes ranging from —0.3 and +1.0 V. The increasing
potential scan rate () was found to be linearly proportional to the
current peak observed in the voltammograms. The findings are
associated with the presence of Ag NPs in the PEDOT:PSS matrix,
where the Ag NPs electrochemical reactions can be justified as

follows:
Ag «— Ag, +e” (11)

Based on the results, the current density of PEDOT:PSS
increased from 0.29 to 0.37 mA cm™ > after incorporating Ag
NPs. This is associated with the charge hopping of Ag NPs

7132 | Mater. Adv, 2021, 2, 7118-7138

metallic conductors through PEDOT:PSS. The findings were
also supported by the studies on the electrochemical behaviour
of PEDOT:PSS incorporated with gold nanoparticles (Au NPs),
where the current density peak showed enhancement.'"?

One of the challenges in approaching the electrochemical
behaviour of PEDOT:PSS is to determine the optimum potential
range for achieving the maximum current peak. This is to
ensure that the performance of the electrode in electronic
devices can be maintained for a long time of usage. Over-
oxidation, on the other hand, is a situation in which the CPs
undergo rapid structural degradation and electroactivity loss.
Thus, it is recommended to investigate the maximum potential
scan rate of the CPs electrode before development for specific
applications.

3.9 Nanotechnology in PEDOT:PSS

Nanotechnology has emerged in the advances of CP utilization
in applications like bioelectronics. Incorporating nanomaterials
into the fabrication of CPs leads to the enhancement of the
electronic devices suitable for their applications. Nanomaterials
like silver nanowires or nanoparticles, carbon nanotubes, gra-
phene oxide, and nanofibrillar cellulose are often used as second-
ary dopants for PEDOT:PSS."” The fabrication of PEDOT:PSS films
with the incorporation of these dopants is usually a simple and
straightforward method, such as drop-casting, spin-coating, inkjet
printing, and screen-printing techniques.

Silver nanoparticles (Ag NPs) are widely used to produce
conductive inks based on PEDOT:PSS. The ink formulation is
necessary nowadays to produce flexible and conductive electro-
des for various applications, especially in the biomedical
field."®® It has been reported that a Ag-grid was inkjet printed
in a honeycomb configuration and embedded in PEDOT:PSS
electrodes to achieve homogeneous electric fields and charge
carrier injection, leading to uniform light emission.'”” The
efficiency of 250% was improved as compared to the ITO
reference device when embedding Ag NPs in PEDOT:PSS via
the inkjet printing method. Similarly, the uniform composite
film fabrication to ensure the good conductivity of the Ag
nanowires-doped PEDOT:PSS was proved by undergoing a
screen-printing process for optoelectronics."””® The screen-
printing technique has also utilized halloysite nanotubes (HNT)

© 2021 The Author(s). Published by the Royal Society of Chemistry
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with PEDOT:PSS specifically for dye-sensitized solar cells (DSSC)."**
The conductivity increased significantly from 358 S cm™*
to 381 S cm™ ' at a low concentration (1 wt%) of HNT. It
was also pointed out that simply homogenizing PEDOT:PSS/
HNTs high-viscosity inks resulted in printed composite electro-
des with superior electrical characteristics by two orders of
magnitude as compared to electrodes coated with low-viscosity
dispersions (7 wt%) generated by the drop-casting method.

The processes involving nanomaterials demonstrate the
promising properties of PEDOT:PSS in its improved perfor-
mance as an electrode and sensor. It is also suitable for large-
scale development in industry, as well as for wider device
applications in the near future.

3.10 Summary

The mechanisms for the conductivity enhancement of doped
PEDOT:PSS have been discussed thoroughly. The most common
mechanisms that have been reported are the phase segregation
between PEDOT and PSS, and the conformational change of
PEDOT chains from a coil structure to an extended coil or linear
structure. In addition, the inherent molecular structure of
PEDOT:PSS, which includes the conjugated bonds existing within
the polymer chains and doping effects toward the energy band of
the PEDOT:PSS would also affect the electrical performance.
Moreover, fundamental conductivity, as well as charge hopping
based on the temperature-dependence characteristic of the PED-
OT:PSS should also be considered for conductivity improvement.
Overall, these conductivity enhancement mechanisms for doped
PEDOT:PSS are related to each other and could be very helpful to
other researchers for further work.

4. Conclusion and outlook

The primary advances on the electrical conductivity enhancement
of PEDOT:PSS have been comprehensively implemented through-
out this review paper. Numerous strategies to potentially boost the
conductivity of PEDOT:PSS play a vital role, together with proces-
sing techniques like solvent additive, post-treatment, ionic liquid
additive, acid treatment, and metal nanoparticle additive. The
source and mechanism for improving PEDOT:PSS conductivity
have been unclear so far, therefore, in this paper, we clarified
those issues. However, the most widely accepted interpretation is
phase separation between PEDOT and PSS and conformational
improvements through PEDOT:PSS rearrangement chains, as
discussed in this paper. Therefore, the mechanisms outlined in
this paper are expected to provide additional guidance and insight
for further conductivity improvement, resulting in further theore-
tical implications of doped PEDOT:PSS. Overall, the doped
PEDOT:PSS offers wide potential usage in many applications
and is promising for the advancement of technology.
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