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An extensive electrochemical investigation of PEDOT has been carried out with a particular focus on
understanding the structural electrochemistry during its faradaic process, a topic that has not been
previously explored in such detail. Using coulovoltammetry, we examined the diverse conformational
states of PEDOT and the corresponding charge consumption, shedding new light on its electrochemical
behavior. For the first time, we conducted a thorough coulovoltammetric study of PEDOT, which
enables us to delve deeper into its unique electrochemical characteristics and reactions. By utilizing
voltammetry, we also explored how the anodic and cathodic potential limits influence the various
electrochemical processes involved in the PEDOT reaction. Moreover, we have analyzed PEDOT's
reactive sensing capabilities towards its working environmental surrounding condition such as electrical,
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electrical energy consumed during the reaction serve as essential sensing parameters, providing valuable
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1 Introduction

Bio-mimicking is a fascinating approach that draws inspiration
from the nature to solve complex problems and create innovative
solutions. By studying nature's brilliant adaptations, scientists,
engineers, and designers seek to replicate these adaptations to
human-made technologies, products, and systems helping us
create a balanced connection between our innovations and the
environment. Mimicking one of the fascinating biological
phenomena, i.e., the brain-muscle interfacing remains as a great
challenge to the scientific community." The working of biological
muscles is based on the electrical signals generated in the brain;
send to the muscle through the motor neuron, liberating Ca**
ions in the cell initiating the reaction-driven conformational
movements of the actin-myosin-ATP (muscular contraction).” Any
muscle is an electro-chemo-mechanical organ working by
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the simultaneous and biomimetic self-sensing property of a conducting polymer during actuation.

cooperative actuation of the constitutive macromolecular motors
(actin-myosin proteins).> While actuation biological muscles
sense the environment (temperature, pressure, muscle potential
and chemical potential in the body), transmitting back this
sensing information to the brain through the sensing neuron.*
Scientific community is in search of a reactive material model
constituted by macromolecular motors which can mimic this
simultaneous actuation and sensing abilities using the same
connectivity: actuation orders and sensing signals present,
simultaneously in the two connecting wires.>®

Every chain of a conducting polymer acts as a macromo-
lecular motor during electrochemical reactions mimicking
the sensing ability of the biological muscle and its feedback
communication back to the brain.* Among the conducting
polymers, the remarkable biomimetic simultaneous reactive
sensing abilities of polypyrrole, polyaniline and polyindole
have been effectively demonstrated recently.”® The coopera-
tive actuation of the chains in the polymeric material during
the oxidation/reduction reactions in liquid electrolytes
promotes the generation/destruction of free volume required
for the incorporation/expulsion of balancing counter ions
and solvent, required for osmotic balance: the reactions drive
reversible structural changes (relaxation, swelling, shrinking
and contraction). The reaction is driven by an electrical order
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(potential, potential sweep, constant current) sent to the
material. The electrical responses during reactions
(consumed charge, consumed energy, potential evolution) are
different for different working (chemical, thermal, electrical)
conditions.® Signal, the order and the sensing responses, are
included simultaneously within the only two connecting
wires.

In our pursuit of proving all conducting polymers have such
biomimetic sensing capability, here we have identified poly(3,4-
ethylenedioxythiophene) (PEDOT) as a promising candidate.'**
PEDOT's exceptional qualities make it an ideal choice for estab-
lishing optimal sensing performance under various working
conditions.”*** PEDOT boasts numerous advantageous features,
including ease of synthesis, high electrical conductivity, light-
weight, and precise control over its electrochemical perfor-
mance.”'® These outstanding properties have led to its versatile
applications in various fields, such as actuators, sensors,?* 2>
supercapacitors,”?® batteries,”””* tissue engineering,** and
electrocatalysis.** Harnessing the potentials of PEDOT enables us
to enhance device fabrication and explore new horizons in the
realm of materials science.

Here our primary focus lies in delving into the reactive
sensing capability of PEDOT concerning various working
conditions, encompassing electrical, chemical, and thermal
conditions.>”** To establish this sensing ability, we employ
cyclic voltammetry as a reliable tool. Through the imple-
mentation of coulovoltammetry (QV, by integrating the CV) and
chronopotentiometry, we quantitatively compute the charge
and electrical energy expended during the reaction.**** More-
over, we have discussed in detail the structural electrochemistry
of the PEDOT powder.

PEDOT has earned its reputation as a renowned conduct-
ing polymer, finding applications in various fields as
mentioned earlier. However, the intricacies of its electro-
chemistry, along with the electrochemically induced struc-
tural variations and conformational changes, remain largely
unexplored. Thus, the primary objective of this work is to
delve into the realm of PEDOT's electrochemistry and place
special emphasis on the intricacies of its structural varia-
tions. We aim to thoroughly examine the diverse processes of
this polymer triggered by its unique electrochemical reactions
and here we argued that the reactive sensing capabilities
towards the working condition are a general property of all
conducting polymers.

17-19

2 Experimental
2.1. Synthesis of PEDOT

Conductive poly(3,4-ethylenedioxythiophene) powder (PEDOT)
was synthesized via chemical oxidative polymerization, utilizing
ammonium persulfate (APS) as the catalyst in an acetonitrile/
water mixture. In the typical procedure, the 3,4-methyl-
enedioxy thiophene monomer (0.01 moles) was dissolved in
50 ml of acetonitrile/water mixture (1: 3). The surfactant CTAB
(0.01 moles) was added to the mixture and stirred for 2 hours.
Gradually, 0.0125 moles of APS solution in 50 ml of water were
introduced to the monomer solution. After 24 hours, the
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resulting dark powder was filtered using Whatman 40 filter
paper. The precipitate was then repeatedly rinsed initially with
double distilled water to remove the oxidant and later with
methanol to eliminate the oligomers and unreacted monomers.
The product was dried for 24 hours at 50 °C (Fig. 1).

2.2. Working electrode fabrication using PEDOT

The PEDOT powder, which was prepared beforehand, was
employed as the working electrode by affixing it onto a glassy
carbon electrode using conducting carbon paste. A mixture
containing 5 mg of PEDOT powder and 5 mg of conducting
carbon paste was dissolved in 200 pL of isopropyl alcohol using
ultra sonication. Later, 20 pL (containing 0.5 mg of PEDOT
powder) of the solution was drop-deposited onto a glassy carbon
electrode (GCE) and left to dry. The resulting GCE with the
embedded PEDOT was used as the working electrode for all
electrochemical characterizations in three-electrode methods.

3 Results and Discussion
3.1 General characterization of PEDOT

3.1.1 FTIR-ATR spectra. A JASCO FTIR spectrometer was
employed to record the FTIR spectrum of the polymer. Through
FTIR spectroscopy, the chemical oxidative polymerization of pol-
yindole was confirmed, as depicted in Fig. 2(a). This figure
provides an insightful view of the distinctive bands of PEDOT.
Specifically, the peaks at 1514 and 1323 cm™* correspond to the
symmetric stretching mode of C=C and the inter-ring stretching
mode of C-C, respectively.*® The bending vibrations of C-O-C
bonds in the ethylenedioxy groups within PEDOT are represented
by the bands at 1045, 1088, 1138, and 1188 cm L Additionally, the
bands at 972, 916, 833, and 687 are attributed to the stretching
vibrations of C-S-C bonds within the thiophene ring. Moreover,
the bands at 3431 cm™ " and 2923 cm ™" are indicative of the C-H
and C-O stretching within the ring, respectively. These charac-
teristic bands serve as robust evidence confirming the successful
polymerization and formation of PEDOT.*”

The Raman spectrum of PEDOT also provides more infor-
mation about its vibration and doping stage which is given in
the ESI (Fig. S11).%®

3.1.2 TGA. The thermal stability of PEDOT was evaluated
utilizing an STA 8000 thermal analyser, subjecting them to
heating up to 600 °C at a rate of 10 °C per minute in ambient air.
Fig. 1(b) displays the thermal profiles of the films. The PEDOT
demonstrates an enhanced level of thermal stability. In the case
of the PEDOT, a three-stage weight reduction pattern is
apparent, as depicted in Fig. 4. The initial stage corresponds to
the expulsion of absorbed water within the film structure,
occurring up to 133.7 °C. The subsequent phase, spanning
157.19 °C to 290.6 °C, is associated with the removal of low
molecular weight oligomers. Polymer chain degradation
becomes evident at 332 °C.*

3.1.3 FE-SEM. The polymer powder's surface morphology
was investigated using a scanning electron microscope (FE-
SEM, Gemini SEM 300). Elemental analysis was carried out
using the energy-dispersive X-ray spectrum (EDX-Octane Plus).

This journal is © The Royal Society of Chemistry 2024
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Fig. 1 Schematic representation of synthesis of PEDOT.

In the Fig. 3, the SEM image of the synthesized PEDOT powder
in 1 um magnification is displayed, revealing the formation of
aggregated spheroidal particles. A zoomed-in image of the
surface at 100 nm is also presented, showing larger granular
particles that are perfectly interconnected and clustered. These
clustered granules in polymers play a crucial role in facilitating
the charge transfer mechanism.*® Moreover, the surface exhibits
ample pores, allowing for the intercalation/diffusion of anions
and solvent molecules.* The image also indicates that the
PEDOT particles exhibit heterogeneity in size.

The elemental analysis of the PEDOT polymer was also
conducted and depicted in Fig. 3(c). The percentage of sulphur
confirms the presence of HSO,  counter ions.

3.1.4 HR-TEM. The morphology of PEDOT was further
examined using HR-TEM analysis using JEOL JEM F200 trans-
mission electron microscope. The elemental mapping was also
carried out and is given in Fig. 4. The agglomerated granular
morphology obtained from FE-SEM images are in accordance
with the HR-TEM image (Fig. 4(a)). This HR-TEM image also
indicates the amorphous nature of the PEDOT polymer. The
elemental mapping EDS analysis gives the distribution of the
elements in the surface of the polymer (Fig. 4(b)—(e)) and entails
the presence of sulphur.*

3.1.5 Electrical conductivity. The electrical conductivity of
PEDOT and PEDOT carbon paste mixture was analysed using
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Fig. 2 (a) FTIR spectrum of PEDOT. (b) TGA of PEDOT.
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Dried at 50°C

broadband dielectric spectrometer (Novo Control Technologies,
Germany) in the frequency range of 10> to 10’ Hz at room
temperature and ambient pressure. It is found that PEDOT and
PEDOT/carbon paste have electrical conductivities of 6 Xx
10° S em™ and 7 x 107> S em™, respectively (detailed
description is given in the ESI S21).

3.2 Electrochemical characterization

3.2.1 Voltammetric analysis. A detailed investigation into
the electrochemical behaviour of PEDOT powder was carried
out through voltammetric analysis. The cyclic voltammogram
was recorded for the PEDOT powder in a three-electrode cell
configuration at room temperature. The working electrode was
a glassy carbon electrode coated with PEDOT, while the refer-
ence electrode was an Ag/AgCl (3 M) electrode, and the counter
electrode was a platinum wire.*® The potential was cycled
between —0.6 and 0.8 Vin a 1 M aq. NaCl solution, at a scan rate
of 25 mV s~ . The repeated potential cycles resulted in a stable
cyclic voltammogram (Fig. 5(a)), indicating the polymer reac-
tion's stabilization. Within the cyclic voltammogram, the
anodic and cathodic peaks (positive and negative currents)
correspond to the oxidation and reduction processes of the
PEDOT electrode, respectively.***

The oxidation of the polymer chain by extraction of one
electron results in a restructuration of the double bonds along
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Fig. 3 The FE-SEM images of PEDOT (a) at 1 um. (b) At 100 nm magnification (c) EDX data of the PEDOT.

Fig. 4 (a) HR-TEM image of PEDOT (b) secondary electron image in
EDS elemental mapping of PEDOT (c) carbon in PEDOT (d) oxygen in
PEDOT (e) sulphur in PEDOT.

several monomeric units with generation of a positive charge (in
fact a radical-cation or polaron). For charge balance this charge
is effectively compensated by the incorporation of a monovalent
counterion (anion) from the electrolyte.*® Furthermore, solvent
molecules are interchanged between the polymer and the
electrolyte to maintain equilibrium amidst anion intercalation-
induced osmotic pressure.”** The reaction goes on by extraction
of consecutive electrons from each polymeric chain at rising
potentials promote conformational movements of the poly-
meric chains (macromolecular electrochemical motors) with
generation of the free volume required to incorporate balancing
counterion and solvent. The reversible reaction of the polymer's
active centres can be precisely described as:

(PEDOT*)s + n(A7)so1 + m(H20) =
[(PEDOT)""(A7),(H;0), et + 1™ (1)

4586 | J Mater. Chem. A, 2024, 12, 4583-4600

Each polymer's active centre, referred to as “PEDOT*”, is the
key player responsible for generating a positive charge at the
interface of the electrode and electrolyte when the first electron
is removed from the polymer chain. The monovalent anion
present in the electrolyte is represented as “(A™)so.” Upon
oxidation the cooperative actuation of the polymeric motors
promotes the incorporation of counter ions and solvent, the
polymer swells and forms a polymeric gel, as depicted in reac-
tion (1).* This volume variation is a large reaction-driving
structural change. The term “ne”” indicates that up to “n”
electrons are expelled from each polymeric chain through n
consecutive steps. The polymer reduction drives reverse
processes: expulsion of counter ions and solvent and contrac-
tion of the polymeric volume.

To ascertain the process initiated at the electrode-electrolyte
interfaces and then involving the full PEDOT volume during the
redox reaction of the polymer electrode, the relationship
between the anodic/cathodic peak current and the scan rate was
examined, as shown in Fig. 5(c). This figure compellingly
illustrates that as the scan rates increase, the anodic peaks shift
towards more positive potential values, while the cathodic
peaks shift towards more negative potential values, providing
solid evidence that the redox reaction becomes more resistant
at higher scan rates due to the constrained entry/expulsion of
counter ions through the polymer film. Conversely, a reversed
trend is observed when the scan rate is reduced; confirming that
the conformational movements of the polymeric chains are
significantly impacted due to the creation/demolition of a larger
quantity of free volume, which is essential to accommodate the
increased number of counter ions and solvent molecules.
Interestingly, the Fig. 5(d) demonstrates a linear relationship
between the anodic and cathodic current peaks with the square
root of the scan rate, implying that the process at the electrode-

electrolyte interface is under diffusion control up to 200 mvs™".

This journal is © The Royal Society of Chemistry 2024


https://doi.org/10.1039/d3ta07081f

Published on 19 January 2024. Downloaded on 7/19/2025 5:39:31 PM.

Paper
0.486
a)
— 1-
< —SC 25mVs”
o
<
T
o 04
=
S
(&]
= -0.019

08 04 00 0.4 0.8
Potential (V)

4
—10mVs' —— 125 mvs™
——25mVs' ——150 mVs™ C)
——50 mVs' ——175 mVs™
= 2 ~——75mVs’ ——200 mVs™
0 9 -1
o ——100 mVs
<
R
e
O 01
S
S
=
(&)
2
T L}

08 04 0.0 0.4 0.8
Potential (V)

View Article Online

Journal of Materials Chemistry A

b) Maximum oxidized state
G 41
(]
[=)]
=
(1]
K =
o 20 T 'Redox
2
-
o
[}
Q
(72 T T I S
Maximumreduced state
08 04 00 04 08
Potential (V)

34
—
<
it
c 14 = Anodic
e - e Cathodic
=
> 04
o
K4
© -1
[
o

.24

2 4 6 8 10 12 14 16
(Scan rate)'? (mVs™)

Fig. 5 (a) CV plot of PEDOT, the potential was cycled between —0.6 and 0.8 V (vs. AgCl reference electrode) in a 1 M aqg. NaCl solution, with

a scan rate of 25 mV s™%

current with square root of scan rate.

3.2.2 Coulovoltammogram. The extension of the reversible
redox reaction is quantified, reaction (1), through the number of
electrons (ne™) involved per polymeric chains, by the consumed
charge, which can be precisely determined through voltam-
metric response. By integrating the voltammogram captured at
a scan rate of 25 mV s~ a closed loop of coulovoltammogram
(QV) is obtained, graphing the consumed charge against the
potential (as depicted in the Fig. 5(b)). The closed loop indicates
a full reversible reaction (1) (the oxidation charge equals the
reduction charge) and the absence of any other parallel irre-
versible reaction in the studied potential range, which will give
an open loop. The difference between the highest and lowest
points of this closed loop yields the total redox charge
consumed during the reaction: the oxidation charge perfectly
matches the reduction charge.***°

The attained coulovoltammetric response from Fig. 5(b)
presents a great asymmetry between the evolution of the
oxidation charge and that of the reduction charge. That means
that by integration a great asymmetry will be obtained between
the concomitant consumed energies. This fact linked to the
actuation of electro-chemo-mechanical macromolecular motors
is being explored as a model to understand why and how
Mother Nature has developed asymmetric biological functions
based on electro-chemo-mechanical proteins: muscles only

This journal is © The Royal Society of Chemistry 2024

. (b) Coulovoltammogram of PEDOT (c) CV of PEDOT at different scan rates. (d) Linear fit of anodic and cathodic peak

work by contraction or ionic channels only allow one way ionic
flow: the most efficient from an energetic point of view.>

3.3 Structural faradaic processes in PEDOT

The Fig. 6 presents the QV, acquired by integrating the CV
recorded in a 1 M NaCl solution at room temperature with
a scan rate of 25 mV s~ enabling the structural variations of
PEDOT material during the faradaic processes.*” The closed QV
loop displays four distinct basic slope variations, shedding light
on the structural changes of PEDOT induced by the reaction-
driven conformational movements of the polymeric chains,
including reduction-shrinking (from point 5 to point 6),
reduction-compaction (from 6 to 2), oxidation-relaxation (from
2 to 3), and oxidation-swelling (from 3 to 5), which can be
characteristic of all conducting polymers.*

The closed QV exhibits four distinct slope variations like
polypyrrole,**** the four slope variations in PEDOT QV corre-
sponds to the structural changes occurring during the redox
process: starting from a swollen oxidized PEDOT material
identified as fast reduction-shrinking closing the structure
when the average intrachain distances equals the diameter of
the counter ion unit, slow subsequent reduction compaction,
slow oxidation relaxation®> opening channels through the
compacted structure, and fast oxidation swelling.

J. Mater. Chem. A, 2024, 12, 4583-4600 | 4587
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Fig. 6 Different structural processes during the electrochemical reaction from QV in 1 M NaCl at 25 mV s

All of these structural processes are controlled by the reac-
tion kinetics under conformational kinetic control (compaction
and relaxation) or counter ion diffusion control (Fig. 5(c))
swelling and shrinking. The oxidation process in the PEDOT
film commences from the QV minimum. As electrons are
extracted from the polymer chain, a positive charge is gener-
ated, initiating the relaxation of the reduced-compacted poly-
mer chains to create sufficient free volume for accommodating
anions and solvent molecules.

Prior to relaxation, the polymer chain adopts a compact
structure. The segment of the curve in the Fig. 6, ranging from
point 2 to point 3, corresponds to the structural change known
as oxidation-relaxation. Following the relaxation, the polymer
undergoes fast oxidation-swelling, starting from point 3 on the
QV curve. The significant anodic slope observed from point 3 to
point 4 on the QV curve indicates the occurrence of the oxida-
tion-swelling process, governed by kinetics. The rate at which
anions diffuse from the solution to the polymer chain plays
a crucial role in this process. It is worth noting that the anodic
potential limit at point 4 in the Fig. 6 (0.8 V) does not mark the
boundary of the oxidation process. Instead, the process
continues beyond this anodic potential limit at the beginning of
the cathodic potential sweep, up to the QV maximum. This fact
is known as oxidation electrochemical inertia (OEI).

The reduction process of the polymer commences from the
QV maximum, which is also where the oxidation process ends.
The rate of this reduction-shrinking process is determined by
the diffusion of anions and solvent molecules from the film to
the solution. As a result, the reduction-shrinking is classified as
a fast kinetic control process. The polymer material experiences

4588 | J Mater. Chem. A, 2024, 12, 4583-4600
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shrinking during reduction until it reaches the closing potential
(point 6 on the QV curve in the Fig. 6). Upon reaching the
closing potential, the rate of shrinking decreases despite the
higher cathodic potential due to the fact that the counter ions
must push apart those polymeric chains (still this is a soft and
wet material allowing movements of the polymeric chains)
closing its way towards the solution: this fact consumes energy
and time. At the closing potential, the distance between adja-
cent polymer chains almost equals the hydrated anion diam-
eter. Consequently, the rate of diffusion reduces, and the anions
push against the polymer chain, leading to a more compact
conformation known as reduction-compaction. The reduction—-
compaction process initiates from the closing potential and
continues until the QV minimum is reached. Notably, the
reduction of PEDOT is not completed at the cathodic potential
limit. From points 1 to 2 on the Fig. 6, a slow reduction persists
for the partially oxidized polymer chain (at —0.6 V), referred to
as reduction electrochemical inertia.

The closed QV loop indicates that the PEDOT reaction at this
specific potential limit is reversible. In a reversible redox
process, the charge consumed during oxidation is equivalent to
the charge consumed during reduction. Therefore, the total
redox charge and the charge for each structural process can be
determined from the QV. The overall oxidation charge (Qoy) is
calculated by adding the charge from oxidation-relaxation (Qoy)
and the charge from oxidation-swelling, which includes the
oxidation electrochemical inertia (Qo.;). Conversely, the reduc-
tion charge is the sum of the fast reduction-shrinking charge
(Qrs) and the reduction-compaction charge (Qgc). The total
charge consumed in each structural process is listed in Table 1.

This journal is © The Royal Society of Chemistry 2024
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Table 1 Structural faradaic processes in PEDOT, potential ranges and corresponding electrical charges

Oxidation (Qoy)

Reduction (Qyeq)

Structural process Relaxation (Qoy) Swelling (Qos)

Shrinking (Qgs)

OEI (Qoei) Compaction (Qgc)

—0.213 to 0.234
38.87
209.62

Qox = Qor *+ Qos + Qoei

0.234 to 0.793
146.79

Potential range (V)
Charge (mC)
Total charge (mC)

3.3.1 Influence of cathodic potential limit on voltammetric
and coulovoltammetric responses. The Fig. 7(a) displays the
cyclic voltammograms recorded at various cathodic potential
limits, while maintaining a constant anodic limit of 0.8 V
against the Ag/AgCl reference electrode. The scan rate used was
25mV s~ in a 1 M NaCl solution. The steady-state voltammetric
response is obtained after performing three consecutive cycles.
The findings from the studies are summarized below:

e In the cathodic region, there is a continuation of the
reduction process beyond —0.5 V, as evidenced by the presence
of low current. The specific cathodic potential limit, at which
the reduction process concludes, needs to be determined.

e With an increase in the cathodic potential limit, the
oxidation current peak shows a noticeable rise, indicating
a deeper reduction of PEDOT. The potential limit for the
reversible redox process of the PEDOT electrode must be
identified.

e Beyond —0.7 V, there is a notable increase in the reduction
current, suggesting the occurrence of a new reduction process.

24

Current (mA)

45 40 05 00 05 1.0
Potential (V)

0.793 to 0.582
23.96

0.582 to —0.313
—141.18
—209.62

Qred = Qrs + Orc

—0.313 to —0.213
—68.44

The nature of this reduction process needs to be investigated to
determine whether it is reversible or irreversible.

To uncover all the valuable insights gathered from the cyclic
voltammetry (CV), the charge versus potential (QV) curve is
utilized. It reveals the nature of the process-induced structural
variations and the corresponding charge consumption
throughout the reaction. The QV curves, obtained by integrating
the data from the Fig. 7(b), are presented in the same figure
along with the following observations and their interpretations:

e As evidenced by the CV results, the low cathodic current
flow beyond —0.2 V is attributed to the slow reduction-
compaction of PEDOT.

e A closed loop is observed in the QV curve, ranging from
—0.2 V to —0.6 V, which confirms the presence of a reversible
reduction process. This range corresponds to the maximum
potential range of —0.6 V to 0.8 V, where the oxidation charge is
equivalent to the reduction charge.

e Beyond —0.6 V, the QV curve displays two distinct
segments: the closed loop representing the reversible reduction
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Fig. 7 (a) Stationary CVs obtained for PEDOT in 1 M NaCl at 25 mV s~* from different cathodic potential limits indicated on the figure. (b) QVs
obtained by integration of the CVs from (a). (c) QVs obtained at the cathodic potential limits of —0.6 V and —1.1.
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Table 2 Charge consumed at various cathodic potential limit

Cathodic limit

(V) Qredox (IHC) Qirr (mc) Qreduction (mc)
—0.2 124.76 124.76
—-0.3 140.43 140.43
—-0.4 155.18 155.18
—0.5 166.57 166.57
—-0.6 176.08 176.08
—-0.7 183.57 4.34 187.91
—-0.8 188.04 7.7 195.74
-0.9 191.75 8.28 200.03
-1 194.47 12.59 207.06

process and an open part signifying the parallel irreversible
reduction (the cycle end is sifted cathodically related to the
starting point: a net reduction charge) caused by hydrogen
evolution during the reaction.

e The total reversible redox charge consumed during the
reaction is determined from the difference between the QV
maximum and minimum points.

e Similarly, the charge consumed during the irreversible
reduction process (Qj;;) can be calculated by finding the differ-
ence between the starting and ending points of the open section
in the QV curve.

e Consequently, the overall charge consumed during the two
reactions is computed as Qreq = Qredox T Qirr-

The Fig. 7(c) illustrates the QVs obtained at —0.6 V and
—1.1V, to distinguish the reversible and irreversible QVs. The
charge consumed during each cathodic potential limit is
calculated and listed in Table 2.

The Fig. 8(a) illustrates the charge consumption during the
cathodic potential limit. Remarkably, the reduction-compac-
tion process persists beyond the maximum reduction potential
of —0.6 V.

As depicted in the Fig. 8(a), from —0.2 V to —0.6 V, an overlap
of oxidation and reduction charges is observed, unequivocally
indicating a purely reversible polymeric reaction (1) within this
range. The charge variations exhibit a linear relationship with
the cathodic potential limit during this reversible process.
However, after reaching —0.6 V, the charge profile shows two
separate components, namely Qeqox and Qj,. Notably, the
rising compacted structure beyond 0.8 V gives slower reduction
and disrupts the linearity, leading to a reduction in charge
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Fig. 8 (a) Charge consumed in the oxidation and reduction of PEDOT
as a function of the cathodic potential limit and (b) irreversible
reduction charge obtained for different cathodic potential limits.
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magnitude up to the potential limit of —1.1 V. Furthermore, the
parallel irreversible charge consumption rises as the cathodic
potential limit increases, demonstrating its dependence on this
limit. The Fig. 8(b) showcases the variation of this irreversible
charge with the cathodic potential limit, providing insightful
information about the process.

3.3.2 Influence of anodic potential limit on voltammetric
and coulovoltammetric responses. From the impact of various
cathodic potential limits on both the voltammetric and coulo-
voltammetric responses closed loops were obtained within the
potential domain of —0.2 V to —0.6 V, signifying the occurrence
of the reversible polymeric reaction (1) there. Consequently, we
maintain a constant cathodic potential limit of —0.6 V to
investigate the influence of the anodic potential limits on the
electrode process of PEDOT. The Fig. 9(a) showcases the stable
cyclic voltammograms (CV) recorded up to different anodic
potential limits after three consecutive cycles, along with its
corresponding coulovoltammograms (Fig. 9(b)). Detailed
observations and confirmed findings are elucidated to shed
light on the matter.

e Up to 0.8V, a closed loop devoid of any reversible process is
observed.

e Beyond 0.8 V, the anodic potential exhibits a higher
oxidation charge than the reduction charge, indicating the
presence of parallel irreversible oxidation reactions during the
process.

e The irreversible charge consumed during the reaction is
determined by calculating the difference between the starting
and ending points of the open loop. Consequently, the revers-
ible charge (Qredox) consumed is derived by subtracting the
irreversible oxidation charge (Qj.ox) from the total charge (the
difference between QV maxima and minima) (Qotal),

Qredox = Qtolal - Qirox (2)

The parallel irreversible oxidation occurring during the
reaction or the overlap with the polymeric redox process is
attributed to the liberation of oxygen from the electrode,
leading to over oxidation.

The Fig. 9(c) illustrates the charge variation during the
oxidation-reduction process at different anodic potential
limits. It is evident from the figure that the oxidation charge and
reduction charge show an overlap up to 0.8 V. Beyond 0.8 V, two
distinct components of charges are observed; one reversible and
the other irreversible.

The Q,x is greater than Qeqox due to the irreversible oxygen
evolution and PEDOT over-oxidation, initiated from 0.85 V and
extending up to 1.2 V. The charge consumed during each anodic
potential limit is calculated and given in Table 3.

The graph in the Fig. 9(d) depicts the change in irreversible
oxidation concerning the anodic potential limit. It is evident
from the plot that as the anodic potential increases, the irre-
versible oxidation also increases.

Based on the discussions in the preceding sections, the
potential range for the reversible redox process of the PEDOT
electrode in aqueous electrolyte takes place between —0.6 V and
0.8 V. In this way we should avoid any hydrogen and oxygen

This journal is © The Royal Society of Chemistry 2024
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limits.

evolution. Another important point related to Fig. 9(d) and 8(a)
is that the polymeric oxidation/reduction goes on beyond those
limits: the increase of the redox charge goes on. An organic
solvent having a large potential window than aqueous solitons
should be more convenient for a deeper study of the reversible
polymeric redox reactions.

3.4 Sensing ability of PEDOT electrode material towards the
working electrical, chemical and thermal ambient using
voltammetric study

Voltammetry was employed to validate the PEDOT electrode's
ability to detect alterations in operational conditions. The study
delved into the influence of diverse electrical, chemical, and
thermal factors on the charge consumption during the reac-
tion.>® The extent of the redox process was ascertained by

Table 3 Charge consumed at each anodic potential limit

Anodic limit (V) Qrcdox (l’l’lC) Qiox (mC) Qrcduction Qtotal (mc)
0.5 126.85 — 126.85
0.6 148.28 — 148.28
0.7 168.95 — 168.95
0.75 179.63 — 179.63
0.8 192.62 — 192.62
0.85 206.75 10 196.75
0.9 227.04 27.85 199.19
1 252.83 36.82 216.01
1.1 286.35 63.02 223.33
1.2 302.91 84.1 218.81

This journal is © The Royal Society of Chemistry 2024

computing the redox charge expended throughout the process.
When the reaction reaches a high degree, it generates
a substantial free volume that accommodates counter anions
and solvent molecules, countering the positive charge osmotic
pressure, thus leading to more profound oxidation and greater
charge consumption during the process.*® The amount of
charge consumed in this process was quantified by integrating
the voltammogram, the QV.>* The reversible redox charge
expended during the reaction serves as a sensing parameter,
providing quantitative predictions about the
environment.

3.4.1 Sensing electrical working condition. To evaluate the
polymer's performance under electrical conditions, its sensing
capability is assessed through voltammetric analysis. The
influence of the scan rate on the polymer's reversible electro-
chemical reaction is investigated by analysing the amount of
reversible redox charge consumed during the process. Voltam-
metry is employed to precisely quantify the charge expended in
the specific electrochemical reaction, while simultaneously
monitoring variations in electrical conditions. Throughout the
experiment, environmental factors like temperature and
chemical composition are kept constant for accurate
observations.

After achieving a stable voltammetric response, the PEDOT
electrode underwent three consecutive potential sweeps,
ranging from —0.6 V to 0.8 V, with a scan rate of 25 mV s~ " in
1 M aqueous NaCl solution at room temperature.

The corresponding voltammetric response at different scan
rates was presented in the Fig. 5(c), revealing an increase in
both anodic and cathodic peak currents as the scan rates

working
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escalates. By integrating the voltammograms, the reversible
charge during the reaction was determined at various scan
rates, enabling the creation of a coulovoltammogram, as
depicted in the Fig. 10(a). Notably, the figure demonstrates
a decline in redox charge as the scan rate rises: the reaction time
drops. The double logarithmic correlation between scan rates
and consumed redox charge, which was depicted in Fig. 10(b)
validates that the PEDOT electrode exhibits the ability to sense
electrical working conditions, utilizing the consumed redox
charge as the sensing parameter with —0.5653 C (mV s )"
sensitivity (the slope).

Reducing the scanning rates results in a prolonged reaction
time, this, in turn, leads to a greater exchange of anions and
solvent molecules. This increased interaction amplifies the
extension of the reaction and results in a higher consumption of
redox charge. Conversely, at higher scanning rates, the
exchange between anions and solvent molecules is reduced.
This phenomenon occurs because the reaction time is reduced
for higher scan rates, causing a smaller extension of the reac-
tion and consequently lower redox charge consumption. Fig. 11
illustrates the visual representation of this reaction extension at
different scan rates.

3.4.1.1 Theoretical description. Through the observation of
the reversible reaction (1), we have successfully showcased its
capability to discern alterations in thermal conditions. The key
parameter employed for this detection is the quantity of redox
charge consumed during the reaction, which has been
measured and employed to elucidate the sensing mechanism of
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Fig. 10 (a) Coulovoltammogram obtained by integrating the corre-
sponding CVs from Fig. 5(c). (b) Double logarithmic relation of redox
charge consumed during the reaction of PEDOT obtained from the
coulovoltammogram with the scan rate.
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Fig. 11 Schematic representation of extension of reaction at different
scan rates.

PEDOT. To establish the relationship between the amount of
redox charge and the working temperature, a thorough inves-
tigation of the PEDOT oxidation kinetics was conducted, rep-
resenting the forward reaction of reaction (1).

r = k[CI ]*[PEDOT,}® (3)

The reaction rate can be denoted as “r” and the rate constant as
“k.” The concentration of the counter anion, chloride ion, is rep-
resented as [Cl]. The concentration of the active centre in the
polymer gel is indicated by [PEDOT],. The reaction orders corre-
sponding to the concentrations of the counter ion and polymer
gel's active centre are denoted as “a” and “@,” respectively. As the
volume of the active centre undergoes continuous changes during
the reaction, the rate equation can be expressed in terms of the
concentration of the active polymeric centre per unit of dry poly-
meric mass (specific concentration). In other words, the rate
equation can be reformulated as the rate per unit mass.

R Kk g

F= - = “[CI'|]*[PEDOT,]
m m

(4)
Reaction (1) demonstrates the alteration in the concentra-

tion of the polymeric centre, which can be assessed by exam-

ining the redox charge consumed throughout the process.

0 _4q
mzF  zF

~A[PEDOT,] = (5)

The particular reaction rate, defined as the partial derivative
of the specific concentration of the active centre per unit time, is
determined by the specific concentration of the active centre,
labelled as g. The charge consumed during the reaction is
denoted by Q, and z represents the valence of the counter anion
or the valence of the polymeric active centre (in this instance,
Cl™ possesses a valence of 1). F, having a value of 96489 C
mol ', stands for the Faraday constant.
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The mean specific reaction rate can be ascertained by
examining the coulovoltammetric response and computing the
duration required to complete a potential window (AE/v).

A[PEDOT,] ¢ qv

"= At Fi FAE )

Eqn (5) can be rearranged as;

_ 9 _ g
PEDOTo] = 35 = L F (8)

The function of the consumed redox charge was employed to
assess the impact of scan rate on the reaction extension, where
V represents the active centre's volume in litters, and p signifies
the density in grams per litter. The consumed oxidation or
reduction charge, as given by eqn (8), determines the alteration
in the concentration of the polymer active centre. The rate of
reaction is defined by the rate of change of the concentration of
the active centre [PEDOT] per unit of time, which can be
calculated using the potential, scan rate (v), and time (0t = dE/v).
The formation rate of polarons is equivalent to the reduction in
the concentration of the polymer active centre, which also
corresponds to the number of moles of electrons (number of
Faraday) released from the polymer chain.

d[PEDOT,] 3(% X

R =~ " FiE )

The reaction rate also can be expressed as;

Vp%_

Ca e (4P\°
M oL~ KCI|*[PEDOT, )" = k{cr ] () (10)

F

The equations can be rearranged as;

1dg  K[CIJ'F 1

A= AT (11)

Integration of the left side can be performed for the revers-
ible coulovoltammetric charge employed during the reaction,
ranging from the minimum coulovoltammetric charge (charge
= 0) to the maximum charge (ggr). Conversely, the right side can
be integrated from the potential when the charge is zero (E,) to
the potential at the maximum charge (Eg).

® ] E“k[Cl’}“FHg 1
—dq = j ———— —0F 12
L q° 1 Ey p'h v (12)

s ( — B)k[CI"]"F'PAE 1
qr " = o >

(13)

"
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The degree of a reaction is established by the quantity of
redox charge expended throughout the process. Eqn (13)
establishes a relationship between the consumed charge and
the scan rate. When all other factors like electrolyte concen-
tration, working temperature, atmospheric pressure, and
potential window remain constant, the expansion of the reac-
tion or the utilization of redox charge diminishes as the scan
rate escalates. The constant terms in eqn (13) can be combined
and represented as a new constant, denoted by %z prime. By
taking the logarithm of both sides of eqn (20), a linear equation
can be derived.

Ingr =x —ylnv (14)

The double logarithmic association provides the gradient (y,
indicating sensitivity) and the intersection point (referred to as
x) of the linear equation, which can be described as follows:

In /'
X= 1o 5 (15)
1
Y= 1-8 (16)

The sensing eqn (14) establishes a relationship between the
reaction extension and the scan rate, allowing for the assess-
ment of changes in the electrical condition (scan rate) and its
impact on the conformational movement of the polymer chain
in the film. This observation highlights the biomimetic nature
of the PEDOT electrode.

Through the utilization of the theoretical eqn (14), a fitting
analysis was performed on the experimental results (Fig. 10(b)).
By examining the slope (representing sensitivity) of the reaction
concerning the scan rate, it becomes feasible to ascertain the
rate at which the charge consumed during the reaction
decreases. Additionally, the sensing eqn (14) provides support
for the significant conformational changes occurring in the
polymer chain within the film at lower scan rates. These
changes arise due to the extended time available for the
oxidation/reduction of the polymeric chains, leading to the
creation/destruction of a substantial amount of free volume
within the film to accommodate/expel the counter anions,
respectively. Consequently, a decrease in scanning speed results
in a notable increase of the redox charges.

The findings from the experiment indicate that the struc-
tural alterations of macromolecular machines during reactions
result in reduced motion, shorter extension, and lower redox
charge consumption at rising sweep rates.

3.4.2 Chemical working condition sensing - concentration
sensor. To explore PEDOT's ability to detect changes in its
chemical environment, under constant electrical and thermal
conditions the stable voltammetric responses were attained in
different concentrations of aqueous NaCl (different chemical
energies). The results, depicted in the Fig. 12(a), demonstrate
that the cyclic voltammogram obtained at a scan rate of 25 mV
s~ " shows an increase in both anodic and cathodic current
peaks as the electrolyte concentration increases (higher
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Fig. 12 (a) Cyclic voltammograms obtained in different concentra-
tions of aqueous solution of NaCl between —0.6 V and 0.8 V at a scan
rate of 25 mV s*. (b) Coulovoltammogram obtained by integrating the
voltammograms obtained in (a). (c) Double logarithmic relation of the
charge consumed during the redox reaction of PEDOT with the
electrolyte concentration of aqueous NaCl.

chemical energy), followed by a decrease when the concentra-
tion of the aqueous electrolyte is reduced.

By integration of the voltammograms the coulovoltammetric
responses were generated, revealing that the redox charge
consumed during the reaction increases with higher electrolyte
concentration (Fig. 12(b)). At higher concentrations, the poly-
mer chain undergoes deeper oxidation within the potential
window consuming more charge. The rising amount of avail-
able chemical energy drives the intercalation of more counter
anions and water molecules into the polymer matrix (larger
extension of reaction).

On the other hand, at lower concentrations, partial oxidation
occurs, resulting in a smaller amount of free volume for the
counter anions and solvent molecules to enter or exit during
oxidation and reduction, respectively (smaller extension of
reaction). The Fig. 13 shows the schematic representation of the
extension of reaction and conformational movement during the
reaction at different concentration of electrolyte. Consequently,
the reaction extends further at higher concentrations compared
to lower ones. The Fig. 12(c) illustrates a double logarithmic
relationship between the electrolyte concentration and the
consumed redox charge, demonstrating capability of the
PEDOT reaction to sense, simultaneously, its chemical envi-
ronment with 0.1209 cm™ " sensitivity (slope).

Consequently, the polymeric gel responds to the chemical
ambient by undergoing larger conformational movements and
structural changes, such as swelling or de-swelling, as higher is
the ambient chemical energy, and the charge acts as a sensing
parameter for monitoring these thermal changes. Therefore,
the PEDOT electrode exhibits characteristics akin to biological
sensing properties triggered by chemical reactions and can
detect operating conditions akin to biological muscles, which
are considered as sensing motors.
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Fig. 13 Schematic representation of extension of reaction at different
concentration of NaCl.

3.4.2.1 Theoretical description. Eqn (7) provides an alterna-
tive expression for representing the average reaction rate.

v ko o k. . g
e e wons - B

Through the rearrangement of eqn (17), we obtain eqn (18),
which establishes the relationship between the changes in
concentration of the electrolyte and the amount of redox charge
consumed during the reaction.

s KAEF'®
g ="
v

N —
k!

I (18)

The coefficients in eqn (18) are consolidated into a new
constant, represented as k'. Upon taking the logarithm of eqn
(18), a double logarithmic correlation emerges, relating the
consumed redox charge during the reaction (under constant
pressure, temperature, potential sweep, and scan rate) to the
electrolyte concentration.

In(g) = a + bIn[Cl] (19)

Eqn (19) portrays a direct relationship between the redox
charge and the electrolyte concentration, with the parameter
“a” signifying the intercept, and the slope of the line designated
as ubn.

In k'

azlfﬁ (20)
a

bzl—ﬁ (21)

The observed experimental data in Fig. 12(c) fit the theoret-
ical eqn (19). PEDOT's sensing ability is rooted in the reaction-
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driven conformational movements of its polymeric chain,
replicating the biological muscles sensing and informing brain
about the fatigue state (chemical conditions) of the muscle.

3.4.3 Thermal working condition sensing - temperature
sensor. The impact of temperature on the reaction rate was
explored using voltammetric experiments. Following 20 cycles
at a scan rate of 25 mV s~ ' and room temperature, the PEDOT
exhibited a steady voltammetric response. The results at various
temperatures (ranging from 5 °C to 30 °C) are provided in
Fig. 14(a). As the temperature rises (the thermal energy
increases), both the anodic and cathodic peaks in the voltam-
mogram display an upward trend.

The concomitant coulovoltammogram are depicted in the
Fig. 14(b). All QVs exhibited a distinctive closed loop indicating
that only the reversible redox reaction of the polymer material
takes place there. The redox charge consumed during the
reaction, known as reaction extension, demonstrates an upward
trend with increasing experimental temperature, under
constant chemical, physical, and mechanical energetic
conditions.

The depicted Fig. 14(c) showcases the relationship between
the redox charge consumption and temperature, providing
evidence that the PEDOT electrode possesses the capacity to
sense the operational temperature. The empirical results
strongly validate the proposed theoretical eqn (25).

At lower temperatures, where thermal energy is limited, the
reaction experiences only partial conformational relaxation,
leading to a minor extension of the reaction. This is due to the
limited creation of free volume for the insertion of counter
anions and solvent molecules into the polymer chain, resulting
in a low consumption of oxidation charge. Conversely, elevating
the temperature provides more thermal energy, resulting in
faster and more extensive conformational relaxation. This
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Fig. 14 (a) Cyclic voltammograms obtained from experimental
temperatures in (20 °C to 55 °C) in 1 M NaCl at 25 mV s~ ! between
—0.6 to 0.8 V. (b) Corresponding coulovoltammogram obtained by
integrating the CVs (a). (c) Semi logarithmic relation of redox charge
consumed during reaction of PEDOT obtained from the coulo-
voltammogram with the inverse of temperature in Kelvin scale.
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generates a larger free volume, enabling the insertion and
ejection of anions and solvent molecules, leading to increased
charge consumption during the reaction. Consequently, under
identical chemical, electrical, and mechanical conditions, the
reaction exhibits a greater extent at higher temperatures.
Higher temperatures drive the polymer chain in the device to
undergo a more profound oxidation/reduction state, yielding
a larger charge. The Fig. 15 shows the extension of reaction at
different working temperatures.

3.4.3.1 Theoretical description. The connection between the
rate constant and the working temperature was expressed using
the Arrhenius equation, which is formulated as follows:

Ey
k = AerRT (22)

According to the theoretical approach, the polymer chains
within the film are uniform in length, and during the redox
process, they exchange an equal number of electrons with the
background metal electrode, resulting in an identical positive
charge development on each chain. The redox process involves
a series of n consecutive steps, with each polymer chain
exchanging one electron per step. However, the energy required
to remove each electron from the chain varies, depending on
the ionization potential. The total energy needed for all n steps
is defined as the activation energy of the redox reaction, where A
represents the pre-exponential factor, E, represents the activa-
tion energy, R represents the universal gas constant (J mol
K™ '), and T represents the absolute temperature (K).

In order to establish a connection between the redox charge
utilized per unit mass in the PEDOT redox process and the
operating temperature, we rearranged eqn (4), (5), (7) and (22),
leading to the following relationship:

qv AeRT . ., g AerrT e (4)\®
o= T—[CI"]*[PEDOT, )’ = “——{Cl'] (F> (23)
e, ° e
... (=) Ox :Q
) &P — e
0o ©
@ 909 O 00
? ) Red (o) )
4] o
e °'e
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Higher temperature/High extension of reaction
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Fig. 15 Schematic representation of extension of reaction at different
working temperature.
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By modifying the eqn (23) we get;
=611 1% E
g0 — ABEF Cr)” & 24)
vm

———
W

To account for all the constants associated with the ionic
exchange during oxidation/reduction, a novel constant 7’ is
introduced. This gives rise to a semi-logarithmic correlation
between the specific redox charge acquired (with consistent
electrolyte concentration, pressure, potential window, and scan
rate) and the operational temperature.

1m@:a+b% (25)

The acquired linear equation (in the y = mx + C format)
offers valuable insights into the direct relationship between the
redox charge and the operating temperature. The intercept and
slope values are ascertained as:

In /'
a= i 5 (26)
E,
TR 7

Eqn (25) is considered the sensing equation, offering insights
into the polymer chain's conformational movements triggered by
the reaction. The semi-logarithmic link between the redox charge
and the working temperature indicates that the charge acts as the
sensing parameter. With the presence of an aqueous NaCl elec-
trolyte, the consumed charge during the redox reaction of the
PEDOT film effectively detects the available thermal energy
(working temperature) with the sensitivity (slope) of —671.1401 C
(T™Y7", all while keeping the chemical (electrolyte concentra-
tion), pressure, and electrical (constant potential window with
constant scan rate) conditions unchanged.

The experimental findings (red points) are juxtaposed with
the theoretical equation (full line), showcasing the compar-
ison in Fig. 14. The inclination of the linear trend in Fig. 14(c)
illustrates the PEDOT electrode responsiveness to alterations
in working temperature. The mean energy utilized during the
reaction, while electrical, chemical, and mechanical condi-
tions remain constant, was calculated from the redox charge
consumed, as depicted in the subsequent equation:

U=ExQ (28)

Elevating the temperature results in greater charge
consumption and, consequently, higher reaction energy for
a larger reaction extension. This suggests that the muscle
reaction demands less energy at higher temperatures. This
mechanism reflects how the muscle of a cold-blooded organism
detects the surrounding temperature and conveys this infor-
mation to the brain through variations in reaction energy at
various working temperatures.
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3.5 Reaction driven sensing characteristics of PEDOT
towards the working ambient (electrical, chemical and
thermal): chronopotentiometric investigation

PEDOT electrode's sensing capabilities during operation was
further verified using chronopotentiometry. This involved
applying square current waves, either anodic or cathodic, to the
electrode continuously. Through this method, the rate of reac-
tion (1) and composition of the polymer material (polymer/
counter ion ratio) could be controlled through the flowing
current (charge per unit of time) and the charge consumed at
any time, leading to a continuous shift in the electrode's
potential. Any physical or chemical alteration of the reaction
ambient that influence the reaction rate would consequently
impact the material's potential evolution.>**® Thus, the PEDOT
electrode exhibits the ability to detect or sense changes in its
environment that affect the reaction rate, as it monitors
potential fluctuations during the reaction process.

The PEDOT electrode was subjected to a sequence of square
current waves to assess its capability to perceive alterations in
its working environment. The extent of the reaction was
controlled by adjusting the duration of current flow and the
amount of redox charge utilized. Before recording the chro-
nopotentiogram, the material was stabilized by potential
cycling, and data was collected from 20 consecutive voltam-
metric cycles. The last cycle was always interrupted at the same
potential in order to get the same oxidation state of the polymer.
The chronopotentiograms were measured between the same
initial and final oxidation states, providing valuable insights
into the electrode's response to changes in its surrounding
conditions.

3.5.1 Sensing of electrical working condition: current
sensor. The electrochemical sensing capability of the PEDOT
electrode material was assessed through galvanostatic
measurements. Diverse currents ranging from £0.125 mA to
+1.5 mA were applied consuming a constant anodic and
cathodic charge. Chronopotentiometric responses are depicted
in Fig. 16.

The consumed electrical energy is U = I [ Ed¢, attained by
integration of those responses. Notably (Fig. 16(c)), it was
observed that the potential evolved during the redox process
increased with higher anodic current, while a more negative
potential was noted with an increased cathodic current.”” The
electrical energy consumed served as the sensing parameter, as
itis a linear function of both anodic and cathodic currents. This
implies that the material reaction senses the applied current.

3.5.2 Sensing of chemical working condition-concentra-
tion sensor. The results of a chronopotentiometry experiment
conducted on the PEDOT electrode material using varying
concentrations of NaCl electrolyte (ranging from 0.01 M to 1 M)
are depicted in Fig. 17. The experiment involved applying
a constant charge of 6 mC at room temperature, with a constant
anodic current of 0.1 mA during oxidation and a cathodic
current of —0.1 mA during its reduction, both maintained for 60
seconds.

The relative variation in potential can be understood using
the equation.®® In addition here higher concentrations of the
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Fig. 16 Chronopotentiograms obtained when different constant (a)
anodic and (b) cathodic currents were applied to PEDOT by passing
a constant charge of 6 mC in 1 M NaCl solution (c) electrical energy
consumed by the film as a function of applied current (R? is the
correlation factor).

electrolyte lead to enhanced reaction rates and lower reaction
resistance under constant current for both the anodic and
cathodic processes, resulting in a lower potential difference,
Fig. 17(a) and (b). Conversely, the reaction process exhibits
higher resistance when a constant current is applied, leading to
an increase in potential difference at lower -electrolyte
concentrations.

The electrical energy consumed by the reaction, calculated
by integrating the CP (chronopotentiogram) acts as the sensing
parameter following, Fig. 17(c), a semi logarithmic function of
the concentration, enabling the material to detect variations in
concentration effectively. As indicated above oxidation and
reduction reactions involving macromolecular motors are
asymmetric from an energetic point of view, consuming
different energies.
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Fig. 17 Chronopotentiogram obtained from different concentrations
of NaClwhen (a) 0.05 mA and (b) —0.05 mA of current were applied to
the PEDOT for 60 s. (c) Electrical energy (U) consumed by the film
during the reaction as a logarithmic function of electrolyte concen-
tration at room temperature.
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3.5.3 Sensing of thermal condition-temperature sensor.
According to the provided data, an investigation was conducted
to assess the temperature sensing capabilities of the PEDOT
reactions. The experiment involved the application of consec-
utive square current waves with fixed charge at various
temperatures and recording the chronopotentiometric
responses from the second square current wave.

The PEDOT electrode was submitted to +0.1 mA for anodic
and —0.1 mA for cathodic processes for 60 seconds each in 1 M
NaCl aqueous solution at different temperatures. Results are
depicted in Fig. 18(a) and (b). By integrating the chro-
nopotentiogram, the electrical energy consumed during the
reaction was determined, revealing a linear correlation: linear
decrease of the reaction energy at rising temperatures as
depicted in Fig. 18(c).

Again oxidation and reduction energies are asymmetric, as
correspond to macromolecular motors. This correlation was
further analysed using a theoretical equation for the evolved
potential outside the equilibrium, as derived by Otero et al. (eqn
(S7)1)-

The obtained results were elucidated using the Arrhenius
concept, which proposes that with increasing temperature, the
polymer chain undergoes more rapid conformational move-
ments, leading to a higher diffusion coefficient.”® Consequently,
reaction (1) takes place to the same extent under a constant
current (constant charge) and time, but at a reduced potential
evolution, resulting in lower energy consumption as tempera-
ture rises. That means that in order to get the same reaction
extension every time the conformational movements of the
macromolecular motors use a higher fraction of the available
thermal energy when the ambient temperature rises requiring
a lower consumption of electrical energy, this fact provides
a quantitative approach the behaviour of coldblooded animals:
they use thermal energy from the ambient during biological
functions based on macromolecular electro-chemical motors
(muscles, brain functions, ionic channels in neurons).
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Fig. 18 Chronopotentiograms obtained when different constant (a)
anodic and (b) cathodic currents were applied to PEDOT by passing
a constant charge of 6 mC in 1 M NaCl solution (c) electrical energy
consumed by the film as a function of applied current (R? is the
correlation factor).
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The findings unveiled that during the anodic process, the
potential evolution tends to decrease with increasing tempera-
ture, whereas for the cathodic process, the potential evolution
becomes less negative as the temperature rises. This discovery
indicates that PEDOT exhibits temperature sensing capability,
which can prove advantageous in various applications where
precise temperature control is essential.

The theoretical description of chronopotentiometric sensing
ability of PEDOT is given in ESI S3.1

4 Conclusions

Poly(3,4-ethylenedioxythiophene) is a commonly utilized poly-
mer, synthesized chemically with ammonium persulfate as the
oxidant, resulting in agglomerated granular particles. The
synthesized polymer is commonly subjected to characterization
using FTIR, UV-Vis, FE-SEM, EDX analysis, and TGA analysis.
The material's electrochemical properties are assessed through
cyclic voltammetry (CV), chronopotentiometry (CP), and coulo-
voltammetry (QV).

The cyclic voltammetry (CV) of PEDOT displays well-defined
oxidation and corresponding reduction peaks. The optimiza-
tion of potential window of the PEDOT during CV is essential
and the effect of cathodic and anodic potential limits on the
charge consumption of the polymer is also explored. Using QV
we have examined the potential limits of full reversible faradaic
process. A closed coulovoltammetric loop is observed within the
potential range of —0.6 V to 0.8 V, indicating that only the
reversible redox process occurs within this specific window in
aqueous solutions.

The various structural processes (conformational process):
reduction-shrinking, reduction-compaction, oxidation-relaxa-
tion and finally oxidation-swelling during the unique electro-
chemical reaction are  demonstrated from  the
coulovoltammetric analysis. The slope of the QV gives different
conformational process and the corresponding charges during
the process were also identified. By doing so, we have aimed to
present a comprehensive and insightful account of the struc-
tural electrochemistry of the PEDOT and the potential appli-
cations of this intriguing material. At potentials beyond —0.6 V,
the reversible processes overlap with irreversible reduction
(hydrogen evolution), while beyond 0.8 V, a parallel irreversible
oxidation process takes place (oxygen evolution and polymeric
over oxidation). By utilizing QV, the charges consumed during
both the reversible and irreversible processes are accurately
calculated, enabling a comprehensive characterization of the
electrochemical behaviour of PEDOT.

The responsiveness of PEDOT-based electrodes to changes
in electrical, chemical, and thermal conditions was also
confirmed. The material's sensing capabilities were assessed
through CV/QV and chronopotentiometry methodologies. The
evolution of the material potential under flow of a constant
current, chronopotentiogram, is different, responds and senses
to changes in any working parameter: chemical energy (elec-
trolyte concentration), thermal energy (temperature) or
imposed electrical conditions. The electrical energy consumed
during the reaction and obtained from  the

4598 | J Mater. Chem. A, 2024, 12, 4583-4600

View Article Online

Paper

chronopotentiometric response, is the sensing parameter: the
consumed energy decreases linearly at rising temperatures,
increases linearly when the imposed current rises and decreases
as a semi logarithmic function of rising electrolyte concentra-
tions. Those experimental results were theoretically described.
Whatever the used experimental methodology the oxidation
energy and the reduction energy are asymmetric. Those facts
indicate a possible reason for the existence of asymmetric bio-
logical functions based on the electro-chemo-mechanical actu-
ation of proteins: muscles only work by contraction. Nature has
selected and improved the most efficient, energetically, of the
two (direct and reverse) reactions.

The responsive sensing ability was also confirmed through
the use of voltammetric techniques: CV and QV. The charge
consumed by the reaction under different working conditions
(scan rate, electrolyte concentration, and working temperature)
follows a double logarithmic relationship with the scan rate, or
with the electrolyte concentration, and a logarithmic relation-
ship with the inverse temperature. Those facts were described
theoretically and validate that the PEDOT-based electrode can
sense changes in the working variables, including electrical,
chemical, and thermal conditions, using the charge as a sensing
parameter.

Whatever the electrochemical methodology used to check
those sensing abilities of the reaction both signal, the actuating
electrical order (potential sweep or constant current) and the
sensing response (consumed charge, potential evolution or
consumed electrical energy) are included simultaneously in the
only two connecting wires. This unparalleled fact from nowadays
technologies replicates natural muscles where the actuating signal
(brain order) and the sensing signals send back during muscular
actuation to inform brains about the mechanical, chemical or
thermal working conditions (neuronal signals) only require two
neuron: motor neuron and sensing neuron.
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