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ARTICLE INFO ABSTRACT

Keywords: A template-free method for the electrochemical deposition of poly(3-hexylthiophene) (P3HT) has been demon-

Poly-3-hexylthiophene strated. Electrodeposition is preceded by an electrochemical nucleation step, which is essential in producing an

P3HT . even film over the electrode surface without needing any pre-treatment of the electrode surface through sur-

Elem‘:fel’tosmon face coatings or self-assembled monolayers. The produced film is highly nanostructured, being made up of
anostructure

Conducting polymers

interconnected wire-like structures on the order of 100 nm, and readily delaminates as an intact film for
straightforward analysis. The films are also highly conductive without needing post-treatment or chemical

dopants. This technique offers a simple route to conductive organic films for thermoelectric generators, organic
solar cells or field effect transistors.

1. Introduction

Poly-3-hexylthiophene (P3HT) is a conjugated organic polymer
with inherently good conductivity, making it an interesting material
for a broad scope of applications including flexible thermoelectric
generators [1,2], organic solar cells [3,4], organic LEDs [5] and
field effect transistors [6]. Efforts to improve the P3HT’s conductiv-
ity include synthetic changes and post processing, with factors such
as molecular weight [7], side chain structure [8], doping [9] and
annealing [10] all giving notable changes to the manufactured film’s
conductivity.

A number of reports have shown improved performance for nanos-
tructured P3HT versus the equivalent amorphous film [11,12]. Several
methods for P3HT nanowire formations have been investigated, such
as controlled seeding [13], electrospinning [14] or crystallisation from
poor solvents [15]. Recent works have also suggested that electro-
chemical methods for P3HT synthesis give access to a final polymer
with a higher degree of electrical conductivity [16]. Electrodeposition
has been demonstrated as a facile route to conductive polymer films,
where precursor monomers are oxidised electrochemically alongside
a coupling reaction, resulting in film growth [17]. The electrochemical
method offers control of key characteristics such as film thickness and
morphology through the selection of appropriate experimental param-
eters, including but not limited to potential waveform, total charge
and components within the deposition bath.
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Despite this, very few works have investigated the direct electro-
chemical synthesis of P3HT films from the 3-hexylthiophene monomer
[18-20]. This is likely due to the challenge of creating even films over
the surface of the electrode, since most published examples of 3-
hexylthiophene electropolymerisation require a careful pre-treatment
of the electrode surface in order to facilitate the initial deposition. This
has been done with self-assembled monolayers of a thiol-precursor
[20,21] or through transfer of an epitaxially grown thin polymer layer
onto the electrode so that the polymer is already smooth and complete
before the electrodeposition begins [17,22]. Of these, the electrochem-
ical synthesis of nanostructured P3HT invariably requires the use of a
template, most commonly porous alumina, in order to guide the for-
mation of nanowires or nanorods [23,24]. This technique is effective,
but comes with well documented challenges associated with pore fill-
ing and template removal after the deposition [25].

Here, we demonstrate a new route to the template-free electro-
chemical deposition of nanostructured P3HT films. Deposition is facil-
itated with an initial anodic pulse to give a broad coating of nucleation
sites that results in an even deposition across the entire electrode sur-
face without the need for a self-assembled monolayer or similar pre-
treatment designed to facilitate deposition at the ITO surface. Subse-
quent electrodeposition via cyclic voltammetry produces a film that
is highly nanostructured and highly conductive without any additional
post-treatment or chemical doping. Additionally, we demonstrate that
the P3HT can be simply transferred onto a non-conductive flexible
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substrate, giving our technique applications for the fabrication of flex-
ible power generation devices through thermoelectric or photovoltaic
applications.

2. Material and methods

Electrodeposition solutions of 100 mM 3-hexylthiophene (Sigma-
Aldrich, 98%) and 100 mM tetrabutylammonium hexafluorophos-
phate (TBAPFg) (Sigma-Aldrich, 99%) in acetonitrile (Sigma-Aldrich,
99.8%) were made in a in a nitrogen-filled flow box (Cleaver Scien-
tific). Indium tin oxide (ITO) working electrodes were prepared by cut-
ting ITO coated class slides (Ossila) into 1.5 X 1 cm pieces and
connecting to a copper wire using silver epoxy (RS Components) and
curing at 80 °C overnight. Electrodes were cleaned by sonicating in
Decon® detergent, water and isopropyl alcohol sequentially for 15
mins before drying under nitrogen.

Solutions were transferred into a sealed glass vial along with ITO
working electrode, platinum wire counter electrode, and Ag/Ag™ ref-
erence electrode, which were fabricated in house. The reference elec-
trode was fabricated by immersing a 1 mm diameter silver wire in
10 mM AgNO; (Sigma-Aldrich, 99%) and 100 mM TBAPFg in acetoni-
trile within a fritted glass body. The reference was calibrated using a
standard procedure [26], by measuring the standard redox potential
for the ferrocene/ferrocenium couple (2.5 mM) in 100 mM TBAPF,
in acetonitrile.

Electrochemical measurements and depositions were carried out
using a Metrohm pAutolab Type II potentiostat, controlled using Nova
2.1. Depositions were done by cycling the ITO electrode between
—0.3 V and 1.8 V vs Ag/Ag™ at 200 mV/s. After deposition, the
P3HT films were rinsed in acetonitrile and then dried under nitrogen
gas.

Images of the resultant P3HT films were recorded on a Jeol JSM-
7200F scanning electron microscope (SEM). Film thicknesses were
determined through SEM images by taking a mean of ten measure-
ments along the film cross section. In order to characterise the conduc-
tivity of the films without interference from the ITO electrode
underneath, the P3HT films were first delaminated by firmly pressing
adhesive Kapton tape (RS Components) onto the surface of the film,
and then slowly peeling back to delaminate the P3HT from the ITO.
Electrical conductivity was then recorded using an Ecopia HMS-3000
measurement system equipped with a four-point probe.

3. Results and discussion

The electrochemical properties of 3-hexylthiophene were first
determined using cyclic voltammetry (CV) by cycling an ITO electrode
in 100 mM 3-hexylthiophene solution (Fig. 1A). The first CV shows an
anodic current at very positive potentials corresponding to the oxida-
tion of the 3-hexylthiophene to P3HT. The second CV then shows two
additional peaks, corresponding to the redox process of the deposited
P3HT film, as well as the increased current at more positive potentials
corresponding to further film growth. Continued deposition is evi-
denced by the continued increase in peak size over subsequent cycles.

Cyclic voltammetry under these conditions shows a significant
increase in peak separation over continued cycling. Since the elec-
trodeposited P3HT has a fairly high conductivity, this feature is likely
due to resistance associated with the poor adhesion between the elec-
trodeposited P3HT and the ITO, which is exacerbated by the moderate
scan rate. Slowing the scan rate for a previously electrodeposited P3HT
film on ITO reveals a characteristic shape for P3HT voltammetry with
a smaller separation between the anodic and cathodic peaks (Fig. 1B).
The single anodic and cathodic peak is indicative of a P3HT film with
lesser ordering and/or low regioregularity [20,27].

It is worth mentioning that the poor adhesion between the elec-
trodeposited P3HT and ITO resulted in a steady delamination of the
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Fig. 1. A. CVs for 3-hexylthiophene electrodeposition at an ITO electrode,
showing the first (black) second (red) and tenth (blue) CVs. Initial deposition
occurs at very anodic potentials (A;). Once a P3HT film is present, additional
peaks are seen due to the oxidation (A,) and reduction (C;) of the P3HT. The
growing peaks are due to the increased amount of electrochemically active
P3HT at the ITO surface. CVs were recorded in 100 mM 3-hexylthiophene and
100 mM TBAPF¢ in acetonitrile at 200 mV/s. B. CVs for a previously
electrodeposited P3HT film at 1 (black), 2 (red), 5 (green) and 10 mV/s (blue)
recorded in 100 mM TBAPF;g in acetonitrile.

film during repeated cycling. Relatively poor adhesion for P3HT and
related polymers has previously been observed for films on ITO due
to low bonding strength between the two components [28,29], with
a number of works trying to address this with surface modifications
or adhesion promotors that were not present in this work [30,31]. This
is likely exacerbated in this works due to the electrodeposited films
being thicker than those typically produced via spin coating, drop cast-
ing or dip coating. The film remained intact, but slowly peeled away
from the bottom of the ITO so the front and back face were both
exposed to electrolyte, while the top of the film remained intact. Care
was taken to limit experimental time frames so that data were only
recorded while the film remained adhered.

When growing P3HT by CV on ITO, the resultant films showed a
highly uneven growth, resulting in delocalised P3HT “islands” dis-
persed across the electrode surface. This is because, unlike previously
reported literature examples for P3HT deposition, we are not employ-
ing a surface pre-treatment or self-assembled monolayer to guide the
electrodeposition of a smoother film [17,20-22]. In order to facilitate
more even growth across the ITO, we instead employed a short anodic
pulse to the ITO, resulting in the nucleation of electrodeposited P3HT
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Fig. 2. A) Potential waveform used for the deposition of P3HT films at an ITO electrode. B-E) SEM images of P3HT films obtained using the waveform in A. The
electrode was pulsed at 3 V vs Ag/Ag™ for 0 s (B), 0.01 s (C), 0.1 s (D) and 1 s (E) prior to depositing P3HT by cycling 10 times between —0.3 V and 1.8 V vs Ag/
Ag™ in 100 mM 3-hexylthiophene and 100 mM TBAPF; in acetonitrile at 200 mV/s.

across its surface (Fig. 2). Cycling the nucleated ITO then resulted in
much more even growth over the surface.

It is worth mentioning that other thiophene polymers have been
electrodeposited without needing a pre-deposited monolayer, surface
treatment or anodic pulse. One such example demonstrated that
poly-3-methylthiophene (P3MT) may be electrochemically deposited

by simple galvanostatic methods [32,33]. This suggests that
exchanging the bulky hexyl substituent for a short methyl unit facil-
itates more even deposition at the ITO. It is not clear if this is due
to faster mass transport of the smaller P3MT monomer or due to
steric factors as the film is growing, which merits future
investigation.
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The timescale of the nucleation pulse (t,.s.) had a sizeable impact
the total coverage of P3HT over the surface of the ITO. The pulse
needed to be sufficiently long to drive P3HT nucleation across the
ITO, without being so large as to deposit a thick coating of material
rather than thin nucleation sites. Fig. 2 shows how the resultant
P3HT deposition is patchy and highly dispersed in the absence of a
nucleation pulse. The bare areas become progressively smaller as tpyse
is increased until a 1 s pulse results in more even deposition over the
ITO.

The potential for the nucleation pulse (Epuse) Was also investigated.
It is not desirable to have a highly anodic potential for long periods as
this may over-oxidise the polymer. However, a highly anodic potential
is necessary in order to drive the formation the nucleation layer across
the ITO surface. Eyyse = 3 V vs. Ag/Ag™ was therefore chosen as the
least positive potential that gave a visibly smooth P3HT film aftera 1 s
nucleation pulse, so that the nucleation was complete without too
thick a layer being deposited before the film was grown by CV. The
highly anodic pulse is only necessary for the initial nucleation, not
for subsequent P3HT growth once the nucleation is complete. There-
fore, it was possible to grow the P3HT film via CV with a more mod-
erate 1.8 V vs Ag/Ag™ as the anodic limit.

The need for the nucleation pulse is due to the heterogeneous nat-
ure of ITO surfaces, with the surface being defined by the nature of the
oxide, extent of hydrolysis of the lattice and the orientation of the
oxide grains [34]. Electrochemical reactions will preferentially occur
at active defect sites, such as oxygen vacancies, interstitial indium
and substitutional tin [35]. The net result is a surface with an intrinsic
variation in surface conductivity that gives locally different electro-
chemical reaction rates [36,37], with scanning electrochemical cell
microscopy studies have found up to three orders of magnitude differ-
ence in the standard rate constant (k°) for a model single electron
transfer system [38].

The role of the anodic pulse is therefore to overcome the conductiv-
ity barrier at less conductive regions of the heterogeneous ITO surface.
Without the pulse, P3HT preferentially deposits at the more conduc-
tive sites, leading to patchy growth. With the anodic pulse, sufficient

n CH,s
CGHIJ \

CBHiﬁ
/ P
-a - ¥
Iy = < N S
S S
s
C.H,
&
s

C5H|3

CHy

ke - No pulse
B & O W e

<,

00 o

s

Fm

Pre-deposition pulse
———————————————-

Journal of Electroanalytical Chemistry 933 (2023) 117278

overpotential is supplied to the more and less conductive site to
deposit a nucleation layer of P3HT, which facilitates the growth of a
smoother film over the following CVs (Fig. 3).

In order to characterise the P3HT in terms of its conductivity, the
film was transferred onto non-conductive Kapton tape through a sim-
ple process of the pressing tape onto the P3HT layer and then slowly
peeling it away. The relatively poor adhesion between the ITO surface
and the P3HT film is advantageous in this case, since the P3HT is
easily delaminated from the ITO, giving a complete film on the Kapton
tape. The conductivity was found to be high at 78.9 S cm™?, despite
there being no additional dopant incorporated into film during post
treatment. Based on a comprehensive literature search, we believe this
is the highest reported conductivity for electrochemically fabricated
P3HT, and compares favourably with P3HT produced by other meth-
ods such as spin coating or drop-casting (Table 1).

Although no chemical dopant was added to this P3HT film, the
electrolyte present during electrodeposition has a role in facilitating
P3HT conductivity. Biasing the P3HT at a positive potential, known
as electrochemical doping, causes anions to migrate into the P3HT
and therefore drives a charge build-up within the film [48,49]. The
electrolyte is therefore chosen so that the anion may penetrate and
remain within the film in order to give an efficient stabilisation of
the doped P3HT states [50]. For this reason, the deposition waveform
is always ended at the positive potential limit.

Despite the film produced here being significantly thicker than
most published examples of P3HT (4.97 um), the high conductivity
indicates effective incorporation of PFg anions throughout the film
structure. Closer analysis of the electrodeposited P3HT revealed a
highly nanostructured morphology (Fig. 4). The structure appears to
be made up of a network of wire-like structures, with diameters on
the order of 100 nm, that are all highly interconnected.

Similarly magnified images of the films produced in the absence of
the pulse revealed much denser deposits, with the film becoming
increasingly fibrous as the pulse length increases. Although the pulse
length clearly does impact the nanostructure of the resultant film, it
is unclear of the precise mode of this impact. It may be that the nucle-

Growth on conductive sites

Most conductive

Even growth

J Least conductive

Fig. 3. A) Mechanism for P3HT electrodeposition. The 3-hexylthiophene is initial oxidised by a single electron transfer. Polymerisation can then occur either via a
radical coupling (top path) or by reaction between radical and monomer, followed by a further single electron oxidation of the resultant cation (bottom path) [39].
B) Schematic representation of P3HT oxidation at a heterogeneous ITO surface. Colours of the ITO represent the conductivity, where red sites are most conductive
and blue are least conductive. Without the anodic pulse, electrodeposition occurs preferentially at the more conductive (red) sites. With the anodic pulse, an initial
nucleation layer is deposited across the ITO, so subsequent growth by CV can give more complete coverage.
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Table 1

Conductivity of P3HT from this work compared to other published examples
from literature. Quoted values are all for disordered P3HT, and do not include
highly oriented P3HT, where alignment through small-molecule epitaxy [40] or
high-temperature rubbing [41] gives higher conductivity in one single direction.
Quoted dopants include fluorinated tetracyanoquinodimethane (F4;TCNQ), iron
tris(trifluoromethylsulfonyl)imide (Fe(TFSI)3), molybdenum tris(1,2-bis(trifluo-
romethyl)ethane-1,2-dithiolene) (Mo(TFD)3) and (tridecafluoro-1,1,2,2,-
tetrahydrooctyl)-trichlorosilane (FTS).

Method Dopant c/S Reference
cm !
Alumina templated F,TCNQ 6.25 [11]
electrodeposition

Spin coating F,TCNQ 12.7 [42]
Drop casting FTS 27.7 [43]

Spin coating FeCls 42 [44]

Spin coating F,TCNQ 48 [9]

Spin coating Mo 68.5 [45]

(TFD); + FeCls

Pulse-nucleated electrodeposition PFq 78.9 This work
Drop casting Fe(TFSI)3 87 [46]
Drop casting FeCl; 128 [47]

ation sites produced by the longer pulse are more suited to the produc-
tion of this fibrous structure.

Alternatively, it may be due to the impact of deposition occurring
more sporadically at surfaces that have not been nucleated by the
pre-deposition pulse. The solution environment for deposition at a
sparely deposited ITO surface could be expected to be different com-
pared to one where deposition is more even across the ITO surface,
with the isolated islands of P3HT deposition giving a distinct nanos-
tructure compared to where P3HT is electrodeposited more evenly.
Since other literature examples of electrochemically deposited poly-
thiophenes have not revealed similar structures, it seems likely that
the former is the case, though we cannot discount some impact from
the latter.

9V 040
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Although thick films were chosen here for ease of analysis, the
inherent flexibility of electrochemical techniques allows this same con-
cept to be applied to thinner films through changes in the deposition
conditions. Large magnitude changes are possible through variation
in 3-hexylthiophene concentration, CV scan speed or potential deposi-
tion range, then the film thickness is simply controlled by changing the
number of cycles.

It is worth noting that the cross section of the film seen in Fig. 41
shows that the distribution of these P3HT fibres is not perfectly homo-
geneous. Some of this may be due to damage during the production
and imaging of the cross section, although other elements may be
due to the deposition procedure itself. The overall coverage of the
P3HT is dependent on the pulse conditions, and the overall film qual-
ity will also depend on a broad scope of parameters, including the CV
range, scan rate, 3-hexylthiophene concentration, and the conductivity
of the ITO itself. It is likely this cross section could be made more
homogenous through a complete parameterisation of these parame-
ters, and this work is ongoing as part of efforts to use this technique
in device fabrication.

Other useful conductive organic polymers are also accessible
through electrochemical deposition, such as polypyrrole (PPy) [51],
polyaniline (PANi) [52] or poly(3,4-ethylenedioxythiophene)
(PEDOT) [53]. This template-free route to nanostructured conductive
polymers is therefore applicable to a broad scope of interesting con-
ductive polymers, requiring only a change in deposition monomer
and optimisation of the pre-deposition pulse waveform.

4. Conclusions

We have demonstrated the template-free production of a highly
nanostructured film of P3HT using electrochemical deposition. Unlike
previous examples where the electrode surface is pre-treated with a
surface modification specifically designed to facilitate electrodeposi-
tion, we demonstrate that a highly anodic pulse is sufficient to
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Fig. 4. SEM images of the surface of the electrodeposited P3HT film at 5,000x and 45,000x magnification for films with no pulse (A and B), 0.01 s pulse (C and D),
0.1 s pulse (E and F) and 1 s pulse (G and H) respectively. Images were taken of the as-deposited film on the ITO surface prior to delamination. Image of the cross
section (I) of the 1 s pulse film was taken by scoring the back of the ITO-coated glass with a diamond scribe, and then breaking the glass and film together.
Deposition was done in 100 mM 3-hexylthiophene and 100 mM TBAPF, in acetonitrile by pulsing the potential at 3 V vs. Ag/Ag™* for 1 s, then cycling 10 times
between —0.3 V and 1.8 V vs Ag/Ag™ at 200 mV/s. Images correspond to the surface of the P3HT film prior to delamination.
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nucleate the surface of the electrode, which then permits a more com-
plete subsequent P3HT electrodeposition over the electrode surface.

As well as being highly nanostructured, the deposited film shows a
good conductivity without any post-treatment or doping. This appears
to be due to the in situ incorporation of PFg counterions from the elec-
trolyte during the deposition, which acts to stabilise charge carriers
within the P3HT structure. This technique is applicable to a broad
scope of alternative conductive polymers through selection of an
appropriate electrochemically active monomer, representing a quick
and simple route to nanostructured conductive polymers for a broad
range of applications.
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