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Abstract. Conductive polymers are of great interest in the field of neural electrodes

because of their potential to improve the interfacial properties of electrodes. In

particular, the conductive polymer poly (3,4)-ethylenedioxithiophene (PEDOT) has

been widely studied for neural applications. This review compares methods for

electrodeposition of PEDOT on metal neural electrodes, and analyses the effects of

deposition methods on morphology and electrochemical performance. The findings of

this review show that: coating thickness and charge storage capacity are positively

correlated with PEDOT electrodeposition charge density. We also show that PEDOT

coated electrode impedance at 1 kHz, the only consistently reported impedance

quantity, is strongly dependent upon electrode radius across a wide range of studies,

because PEDOT coatings reduces the reactance of the complex impedance, conferring

a more resistive behavior to electrodes (at 1 kHz) dominated by the solution resistance

and electrode geometry. This review also summarises how PEDOT co-ion choice

affects coating structure and morphology and shows that co-ions notably influence

the charge injection limit but have a limited influence on charge storage capacity and

impedance. Finally we discuss the possible influence of characterisation methods to

assess the robustness of comparisons between published results using different methods

of characterisation.

Submitted to: J. Neural Eng.
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PEDOT electrodes for neural stimulation and recording 2

1. Introduction

Neural interfaces for nerve recording and stimulation are used from basic neuroscience to

clinical diagnosis and therapies. Electrical stimulation and neural recording require high

quality interfaces with neural tissue. Neural interfaces comprise one or more electrodes

which form the connection between the electron conductors in recording and stimulating

electronics, and the ionic conductor of the body tissue across which electrical charge may

move (Boehler et al.; 2020). This article reviews coatings on metallic neural electrodes

formed by electrodeposition of the conductive polymer poly(3,4)-ethylenedioxythiophene

(PEDOT), a popular electrode coating for next generation neural implants.

This review aims to map out PEDOT electrodeposition methods, highlight the

relationships between electrodeposition methods and the physical and electrochemical

properties of electrodeposited PEDOT neural electrodes. First, an overview of

key electrochemical properties of neural electrodes and methods of electrochemical

characterisation is given. Second, conducting polymers including PEDOT are

introduced and conductive polymer electrode manufacturing methods are discussed.

Third, we present the methods for our review, including search strategy, inclusion

and exclusion criteria, data extraction, and analysis. Fourth, we analyse the PEDOT

electrodeposition materials and methods choices made across the literature. Fifth, we

analyse the coating characterisation methods used for electrodeposited PEDOT neural

electrodes. Sixth, coating morphology is analysed including coating thickness and

roughness. Seventh, the electrochemical performance of electrodeposited PEDOT is

analysed with respect to the electrodeposition materials and methods choices. Finally

the findings of this review are discussed, additional aspects of PEDOT coating analysis

are addressed, and brief conclusions on the use of electrodeposited PEDOT for neural

electrodes are drawn.

1.1. Neural Electrode Physical and Electrochemical Properties

Neural electrodes placed in or on the body must perform their required function

without causing excessive harm to either body tissues or the electrode or electronics

themselves, with the electrode properties tailored to the application. Electrode

mechanical properties must also be considered, mismatch between neural tissue and

electrode array stiffness and rheology can lead to relative micromotion exacerbating

the local foreign body response and degrading long term device performance (Liu et al.;

2020). Electrodes and electrode arrays are becoming increasingly miniaturised to reduce

tissue damage during implantation and to increase spatial resolution with multiple

electrodes within a small tissue volume. Miniaturisation reduces the electrode geometric

surface area (GSA), while the real electrode surface area (RSA) may be greater than

the GSA due to electrode roughness and porosity (Cogan; 2008).

Neural electrodes for recording from the nervous system will ideally transmit the

neural signal from the body to the recording electronics with minimum distortion and

attenuation (Boehler et al.; 2020). In practice the electrochemical properties of real
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PEDOT electrodes for neural stimulation and recording 3

electrodes act to attenuate, filter, and introduce noise to neural recordings (Guo; 2020;

Fan et al.; 2021; Mierzejewski et al.; 2020). Electrochemical properties of an electrode of

interest (the working electrode, WE) are measured in a two-electrode or three-electrode

electrochemical cell (figure 1B). In a two-electrode cell a counter electrode (CE) acts as

both a current source/sink to complete the circuit with the WE, and also as a point

against which the WE potential is measured. However, if the passage of current affects

the potential of the non-WE a three-electrode cell must be used. In the three-electrode

cell current still flows between WE and CE, and the WE potential is measured against

a third reference electrode (RE) with a known stable electrode potential, through which

negligible current flows (Bard and Faulkner; 2001).

The electrochemical property of electrodes most considered in neural recordings is

the complex impedance (Ze), the opposition to alternating current. Electrode impedance

is measured with electrochemical impedance spectroscopy (EIS), a small amplitude

sinusoidal voltage or current is applied to the electrode over a range of frequencies

and the arising current or voltage is measured (figure 1D) (Cogan; 2008). The small

amplitude EIS signals aim to achieve a pseudo-linear current:voltage response, and are

relevant to recording small amplitude neural signals. Measurements of complex electrode

impedance are commonly fitted to equivalent circuits which aim to describe the physical

charge transfer mechanisms in terms of discrete circuit elements. A simple equivalent

circuit for a single electrode in a solution (or electrolyte) is given in figure 1A.

Complex impedance is commonly reported as magnitude (|Ze|, Ω) and phase angle

(ϕ,◦) against axes of frequency in a Bode plot (figure 1Diii). Nyquist plots of imaginary

part(Z ′′
e , ℑ(Ze)) against real part(Z ′

e, ℜ(Ze)) of the impedance on the complex plane

are also used for interpretation, though Nyquist plots lack frequency information (figure

1Dii). The real (resistive, 0◦ phase) and imaginary (reactive, ±90◦ phase) parts of

the complex impedance must not be mistaken for the respective resistor (Rf ,Rs) and

capacitor (Cdl) components in an equivalent circuit, instead ℜ(Ze) and ℑ(Ze) must be

found from the impedance function, which we give for figure 1A in equation 1, where j

is the imaginary unit and ω is angular frequency in rad · s−1 (ω = 2πf , f in Hz).

Ze = Rs +
Rf

1 + jωCdlRf

(1)

On insertion of an electrode into a solution electric charges redistribute at the

interface to form a double layer capacitance (Cdl). This capacitance comprises the

complementary movement of electron and ionic charges in the electrode and solution

respectively, the adsorbtion of ions to the electrode surface, and the (re-)orientation of

polar molecules including water at the interface (Merrill et al.; 2005; Guo; 2020). For

metal neural electrodes Cdl typically ranges from 10 µF · cm−2 to 20 µF · cm−2 of real

electrode surface area (Merrill et al.; 2005). Charge injection through Cdl involves no

movement of electrons across the interface, and is reversible, however the amount of

charge which can be injected capacitively is typically small.

Charge injection involving electron transfer across the interface (Faradaic charge

transfer) comprises oxidation and reduction of the electrode and/or solution. The
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PEDOT electrodes for neural stimulation and recording 4

Faradaic impedance (Rf ) represents the resistance to these charge transfer processes,

and may also include Warburg equivalent circuit elements modelling diffusion of Faradaic

reactants to the interface (Mierzejewski et al.; 2020). Faradaic reactions may be

irreversible if the products of a forward reaction are no longer present at the interface for

the reverse reaction, for example reaction products which diffuse away from the interface,

or become unavailable because the products have entered another phase (precipitating

as a solid, or being evolved as a gas) (Merrill et al.; 2005). In the case of neural recording,

little to no faradaic charge transfer takes place at the interface and mainly capacitive

charge redistribution occurs, thus for recording Rf may be considered open circuit (Guo;

2020).

Rs represents the resistance of a solution or body tissue between an electrode and

a remote point in the solution. For a planar disc electrode the solution resistance (Rs)

depends upon the bulk resistivity (ρ) and the electrode radius (r) according to Newman

(1966):

Rs =
ρ

4r
(2)

At neural recording relevant frequencies Rs may be considered resistive (Guo; 2020).

The electrode potential (Vee) arises due to electron transfer between the electrode

and solution reaching equilibrium (Merrill et al.; 2005). Vee depends upon the electrode

material, solution, and environmental conditions and may have an amplitude of

hundreds of mV at equilibrium with no current flow (Guo; 2020). In practice the

electrode potential is not measured in isolation, but must be measured with respect

to RE with a known stable electrode potential. The potential measured between WE

and RE when no current flows is termed the open circuit potential (OCP), where WE

has no redox couple present setting the electrode potential under equilibrium conditions

(often the case for neural electrodes), OCP must be experimentally determined (Bard

and Faulkner; 2001). Typically EIS is carried out at the OCP to probe the electrode

properties near to zero current conditions.

The electrode impedance influences the quality of neural recordings. The real

component of the impedance ℜ(Ze) contributes Johnson–Nyquist (thermal) noise to

recordings according to:

vn,rms =

(
4kbT

∫ f2

f1

ℜ(Ze)df

)− 1
2

(3)

where vn,rms is the root mean squared thermal noise voltage, kb is Boltzmann’s constant

(1.380649×10−23J ·K−1, T is the temperature inK, f1 to f2 is the recording bandwidth,

and ℜ(Ze) is the real component of the impedance at f (Mierzejewski et al.; 2020;

Boehler et al.; 2020). Large electrode impedances may contribute significant noise, for

example an electrode with ℜ(Ze) = 1MΩ, across a bandwidth of 100 Hz to 10 kHz, at

body temperature, has a thermal noise of vn,rms ≈ 13 µVrms. The electrode impedance

also forms a voltage divider with the recording amplifier input impedance Zin according

to equation 4, attenuating the signal at the electrode interface VS to the voltage at
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PEDOT electrodes for neural stimulation and recording 5

the amplifer input Vin and contributes a high-pass filter comprising Cdl and the input

impedance of the biosignal recording amplifier (Guo; 2020).

Vin ≈ Zin

Ze + Zin

VS (4)

For differential neural recordings, impedance imbalance between electrodes degrades

the effective system common mode rejection ratio (CMRR) according to 5. Common

mode signal (Vcm) is common to both differential amplifier inputs and includes unwanted

artefacts such as DC electrode potential offsets and power line interference. CMRR is

the ratio of differential gain (Ad) to common mode gain (Acm). For electrodes with

impedances Ze,1 and Ze,2 the amplified output voltage is:

Vout ≈ Ad

(
VS + Vcm

Ze,2 − Ze,1

Zin

± Vcm

CMRR

)
(5)

Therefore reducing electrode impedance will improve neural recordings by reducing

thermal noise (equation 3), minimising signal attenuation (equation 4), and minimising

electrode impedance imbalance (Ze,2 − Ze,1) (equation 5).

Where electrodes are used for neural stimulation, charge is injected across the

electrode solution interface. The aim of stimulation is to change the transmembrane

potential of nearby excitable cells, initiating or blocking action potentials, or modulating

physiological neuron excitation. Typical neural stimulation comprises biphasic current-

controlled charge-balanced pulses, with the second phase reversing the charge injection

in the first phase. Commonly the first stimulation pulse phase is cathodic (electrons

flow from the electrode to the tissue and the electrode potential becomes more negative)

with the reverse pulse being anodic (opposite current flow with the electrode becoming

more positive) (Merrill et al.; 2005; Cogan; 2008). Typical current-controlled waveforms

are shown in figure 1E.

During stimulation, applied voltages exceed the small amplitudes required for the

EIS assumption of pseudo-linearity; therefore, alternative characterisation methods are

used. Cyclic voltammetry (CV) is a test of the current flow across the electrode interface

due to Faradaic and non-Faradaic (capacitive) charge transfer as the electrode potential

is cycled between two boundary values at a constant sweep rate (V · s−1). Typically,

CV is conducted at a slow sweep rate, to achieve pseudo steady-state conditions. The

resulting curve, or voltammogram (figure 1C), depends on the electrochemical reactions

at the interface, reactant concentrations, reactant diffusion, the electrode area, electrode

stability, and the potential sweep rate. Voltammograms may be normalised with

respect to electrode area as a plot of current density against potential. CV allows the

“background limits” to be determined, the potentials where anodic and cathodic currents

flow due to the oxidation and reduction of the solute, termed the “water window” in

aqueous solutions, depending on both the solution and the electrode material (Bard and

Faulkner; 2001). Reactions occurring at the water window potential limits (oxidation

and reduction of water) are irreversible because the products (O2 gas and H+ ions at

the anodic limit and H2 gas and OH− ions at the cathodic limit) do not all remain in
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PEDOT electrodes for neural stimulation and recording 6

Figure 1. Electrode-electrolyte model and characterisation techniques. A

Equivalent electrical circuit of the electrode-electrolyte interface. B i)

Two-electrode setup, B ii) Three-electrode setup. C cyclic voltammetry

i) Potential sweep vs time, ii) Resulting measured current vs time,

iii) Transposed potential sweep, iv) Cyclic voltammogram: current vs

potential. D Electrochemical impedance spectroscopy i) Input voltage

sine wave (green) and resulting current waveform (yellow), ii) Nyquist

plot ℑ(Ze) vs ℜ(Ze), iii) Bode plot impedance module (equation (E2)) and

phase (equation (E3)) vs frequency. E chronopotentiometry waveforms,

examples of biphasic, cathodic-first, charge-balanced pulses i) symmetric,

ii) asymmetric square anodic phase, iii) asymmetric capacitor discharge

anodic phase.

solution for the reverse reaction, and exceeding these limits will cause extremes of local

pH (Brummer and Turner; 1975). Therefore the water window is commonly used as the

hard limit of electrode potential for safe neural stimulation. In practice irreversible and

harmful reactions may also occur within the water window (Merrill et al.; 2005; Boehler

et al.; 2020; Cogan et al.; 2016).

CV allows the user to determine the available charge transfer reactions within the
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PEDOT electrodes for neural stimulation and recording 7

water window. Peaks at potentials characteristic of faradaic reactions may be observed

(1-5 in figure 1C). The observed current peaks are due to diffusion limiting reactions,

where reactants at the electrode surface are exhausted and reaction rate depends upon

the diffusion of reactants down a diffusion gradient from the bulk solution (Bard and

Faulkner; 2001). The “background limits” are notable in not showing a diffusion limited

peak, the solute (e.g. water) is readily available for the reaction at high concentration

(1,3, in figure 1C).

CV enables the calculation of the charge storage capacity (CSC) of an electrode.

Charge storage capacity (CSC) describes the amount of electric charge that can be

”stored” during a full CV sweep, and is found by integrating the current-voltage curve

with respect to time (Hudak et al.; 2017). CSC describes both cathodic and anodic

charge transfer, commonly cathodic CSC (CSCc) is calculated for neural electrodes by

taking the integral only when cathodic current is flowing (Boehler et al.; 2020). In

practice during stimulation pulses the full CSC is not available, CV is measured using

slow sweep rates to achieve pseudo steady-state unlike short stimulation pulses, and the

electrode history and stimulation environment will act to obstruct and inhibit charge

transfer (Hudak et al.; 2017).

The charge injection available during stimulation pulses is the charge injection

capacity (CIC), or charge injection limit (CIL), of an electrode. Electrodes for neural

stimulation should be able to safely inject a large charge per pulse, to ensure that

neurons’ activation thresholds can be overcome and physiological responses initiated

(Geddes and Bourland; 1985). CIC is measured using practical stimulation pulses in

current pulsing tests, typically with cathodic first, biphasic, current-controlled pulses

where the anodic phase aims to achieve charge balance (figure 1E). For a given pulse

width, pulse amplitude is increased until the amplitude is found at which the maximum

electrode potential reaches either the cathodic or anodic background limit (Boehler

et al.; 2020; Cogan; 2008). CIC is this maximum charge, for a given pulse width,

at which electrolysis of water does not occur. To determine the potential across the

phase boundary, the voltage drop due to the solution (Rs) must be excluded from the

voltage response to a current pulse, either by accounting for the instantaneous potential

change during pulse onset or with a pre-measured value for Rs. It must be noted that

CIC measurements are not sufficient to determine safe charge injection limits for neural

stimulation (Cogan et al.; 2016); however, the wide adoption of CIC means this is a

useful comparator between electrodes.

1.2. Conductive Polymer Neural Electrodes

Electrode properties are highly dependent upon electrode material choice. Noble

metals are natural candidates for neural electrodes due to their high conductivity,

ease of manufacture, and resistance to corrosion. Gold (Au), platinum (Pt) and

iridium (Ir) are the most widely used metals for neural implants, along with alloys

including PtIr and iridium oxide (IrOx). Increasing minaturisation to increase spatial
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PEDOT electrodes for neural stimulation and recording 8

resolution and reduce tissue damage during implantation is reaching the technical limits

of metal electrodes: smaller surface area leads to increased impedance and reduced CIC,

degrading both recording and stimulation performance (Rossetti et al.; 2021; Aqrawe

et al.; 2018). Furthermore metals’ high Young’s modulus leads to a mechanical mismatch

between electrodes and the surrounding tissue. Mechanical mismatch causes relative

micromotion and a longer lasting, more intense inflammatory response to the implant,

increasing the distance to local neurons and degrading electrode performance (Axpe

et al.; 2020; Liu et al.; 2020; Lacour et al.; 2016; Nguyen et al.; 2014; Stiller et al.; 2019,

2018; Vėbraitė and Hanein; 2021).

To overcome challenges with metal electrodes, conductive polymers coatings

including polyaniline (PANI), polypyrrole (PPy), and poly (3,4)-ethylenedioxythiophene

(PEDOT), have been investigated for their application to neural engineering (Wellman

et al.; 2018; Akbar et al.; 2020). Conductive polymer coatings can improve implant

integration by reducing Young’s modulus, reduce electrode impedance by increasing

Cdl, and increase CIC, improving stimulation and recording performance, and long-

term stability (Guimard et al.; 2007; Cui and Martin; 2003; Venkatraman et al.; 2011;

Simon et al.; 2016; Proctor et al.; 2016).

PANI takes one of three forms (pernigraniline, emeraldine and leucoemeraldine)

depending upon oxidation state, with the half oxidized emeraldine form exhibiting the

highest conductivity (Blinova et al.; 2008; Stejskal and Gilbert; 2002; Rossetti et al.;

2021). PANI has been used in scaffolds for neural regeneration and tissue engineering

(Ghasemi-Mobarakeh et al.; 2011; Fan et al.; 2017; Garrudo et al.; 2019; Karimi-Soflou

et al.; 2021). However, PANI has the highest conductivities only at low pH, which

alongside processing challenges, has limited its use as a neural electrode coating (Blinova

et al.; 2008; Rossetti et al.; 2021).

PPy is synthesised chemically or electrochemically by oxidation of pyrrole

monomers (Akbar et al.; 2020; Vernitskaya and Efimov; 1997). The possibility of

electrochemical synthesis means PPy is readily deposited as a coating on neural

electrodes (Cui et al.; 2001). However, PPy electrode coatings are both brittle and

undergo rapid delamination and loss of charge storage capacity following stimulation

cycles, which is only reduced rather than prevented with co-coatings including carbon

nanotubes and copper(I) (Lu et al.; 2010; Liu and Hwang; 2001; Yamato et al.; 1995).

1.3. Poly (3,4)-ethylenedioxythiophene (PEDOT)

PEDOT is a conductive polythiophene polymerised from (3,4)-ethylenedioxythiophene

monomers (EDOT, see figure 2). PEDOT polymer chains are not conducting in their

native state, are insoluble in common solvents including water, are unstable undergoing

rapid oxidation in air, and are not readily processed (Nardes; 2007; Sanchez-Sanchez

et al.; 2019). To become conductive the PEDOT polymer backbone must be oxidised

to its cationic form, achieved commercially using sodium persulfate oxidising agent

(Groenendaal et al.; 2000). To balance the positively charged PEDOT a counter ion (or
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PEDOT electrodes for neural stimulation and recording 9

“co-ion”) is required. PEDOT co-ions include Cl−, SO2−
4 , organic monomers such as

p-toluenesulfonate (p-TS), organic polymers including poly(sodium 4-styrenesulfonate)

(PSS), and biomolecules including albumin, heparin, and synthetic peptides (Ihalainen

et al.; 2011; Harris et al.; 2012; Nardes; 2007; Rivnay et al.; 2016; Sanchez-Sanchez et al.;

2019). PEDOT with a PSS co-ion (PEDOT:PSS) is the most successful and widely

used conductive polymer (Sanchez-Sanchez et al.; 2019) with applications including

organic electrochemical transistors, organic electronic ion-pumps, organic light-emitting

diodes, organic solar cells and neural electrode coatings (Lee et al.; 2017; Simon et al.;

2016). PSS anions act to support an aqueous dispersion of PEDOT:PSS (figure 3a,b),

available commercially including as CleviosTM (formerly BAYTRON P) (Rivnay et al.;

2016; Groenendaal et al.; 2000). PEDOT:PSS films organise into a microstructure of

PEDOT:PSS-rich grains within a hydrophilic, high-PSS concentration, phase (figure

3c), the grains can form locally crystalline or organised regions with closely stacked

PEDOT:PSS lamellae (figure 3d) (Rivnay et al.; 2016; Hosseini et al.; 2020; Kim et al.;

2013). Films of PEDOT:PSS can be highly conductive (up to 4×103 S · cm−1) and are

more stable than PPy films (Worfolk et al.; 2015; Yamato et al.; 1995).

Figure 2. EDOT monomer (left) polymerises to form PEDOT (right). Not shown:

co-ion or other synthesis details which are presented in (Groenendaal et al.; 2000) and

(Nie et al.; 2021).

PEDOT:PSS and other conducting polymers exhibit mixed electronic/ionic

conduction (Rivnay et al.; 2016; Sezen-Edmonds and Loo; 2017). Electronic conduction

can occur along the polythiophene chain, by movement of positive polarons (positive

charges or holes) arising from the charge due to PEDOT oxidation delocalised across

a few EDOT monomers (Guimard et al.; 2007; Sezen-Edmonds and Loo; 2017).

Conduction also occurs between PEDOT chain lamellae within grains by charge hopping

and by interactions of stacked π-π bonds (Hosseini et al.; 2020). Conduction of

charge between PEDOT:PSS grains depends on the grain microstructure with high

interconnectivity between conductive regions increasing conductivity (Hosseini et al.;

2020). Ionic conduction arises from the bulk movement of solvated ions into and within

PEDOT:PSS from the solution or tissue (Rivnay et al.; 2016; Sezen-Edmonds and Loo;

2017).
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PEDOT electrodes for neural stimulation and recording 10

Figure 3. Schematic of PEDOT:PSS coating microstructure through solution

processing, modified from CC-BY-4.0 Rivnay et al. (2016). PEDOT chains polymerise

on PSS (a), form an entangled structure in suspension (b), which precipitates on the

electrode surface forming PEDOT-rich grains inside insulating PSS walls (c). PEDOT-

rich high conductivity grains are highlighted in d.

1.4. Methods of PEDOT Deposition

PEDOT coatings and electrodes may be formed through a range of processes (Kitto

et al.; 2019). The focus of this review is PEDOT coating electrodeposition, in this

section we will briefly review the variety of methods reported for PEDOT processing.

Electrodeposition is typically carried out in a three electrode cell (figure 1B) with

deposition occurring at the positively biased working electrode when the electrode

potential exceeds the potential for EDOT oxidation (Guimard et al.; 2007; Subramanian

and Martin; 2021). Electrodeposition may be carried out by one of three common

methods: potentiostatic (PS) deposition, where electrode potential is held constant,

potentiodynamic (PD) deposition, where electrode potential is varied usually linearly

or cyclically, for instance in cyclic voltammetry (CV), galvanostatic (GS) deposition,

where electrode current is held constant, and galvanodynamic (GD) deposition where

electrode current is varied with time in a controlled manner (Sanchez-Sanchez et al.;

2019; Kitto et al.; 2019).

During PEDOT electrodeposition, EDOT monomers at the working electrode are

oxidised to highly reactive radical cations. The radical cations condense to dimers,

trimers, and longer oligomers in a process of electropolymerisation (Sanchez-Sanchez

et al.; 2019; Subramanian and Martin; 2021). Oligomers nucleate on the working

electrode and precipitate as the chain length increases becoming insoluble PEDOT

chains of between 6 and 20 EDOT monomers (Nardes; 2007; Sanchez-Sanchez et al.;

2019; Kim et al.; 2021). The EDOT nucleation sites merge and coalesce forming a

film of PEDOT at the electrode, with the film forming initially at the electrode edges

where charge density is highest (Subramanian and Martin; 2021; Liu et al.; 2015). At
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PEDOT electrodes for neural stimulation and recording 11

the electrode PEDOT is also oxidised to a positively charged cation as the chain is

polymerised because the potential for oxidation falls as chain length increases and is

lower (between +0.55 V and +0.1 V vs Ag|AgCl reference) than the potential already

required for EDOT oxidation (at least +0.85 V vs Ag|AgCl), this PEDOT cation

charge is balanced by co-ions which co-deposit from solution to balance the charges

(Subramanian and Martin; 2021; Guimard et al.; 2007; Sanchez-Sanchez et al.; 2019;

Pigani et al.; 2004). Thus electrodeposition selectively coats the working electrode even

on complex non-planar surfaces, and can achieve very thin PEDOT films of tens to

hundreds of nm (Guimard et al.; 2007).

In addition to forming layers at surfaces electrodeposition can form conductive

fibres and microwires of PEDOT between the tips of sharp electrodes or with

controlled electrodeposition conditions (Thourson and Payne; 2017; Morris et al.; 2017;

Eickenscheidt et al.; 2019). Electropolymerisation can also be carried out in situ within

hydrogels immersed in EDOT:co-ion solutions (Bhat et al.; 2021; Fu et al.; 2021; Wang

et al.; 2019; Akbar et al.; 2020), in vitro within tissue cultures (Chen et al.; 2022), and

in vivo within the tissue surrounding an electrode following local injection of EDOT:co-

ion solution (Murbach et al.; 2018; Ouyang; 2014; Ouyang et al.; 2011), forming an

interpenetrating conductive polymer within the hydrogel or tissue with the highest

concentration adjacent to the electrode.

Solution processing forms PEDOT films or coatings from PEDOT:co-ion

suspensions, mixtures, and solutions. Spin coating (or spin casting) forms a uniform

thin film from a viscous PEDOT:co-ion suspension on a flat substrate by rotating

the substrate to spread the PEDOT suspension by centrifugal force (Kitto et al.;

2019; Rossetti et al.; 2021). Spin coated PEDOT films may be patterned by planar

photolithography (Lee et al.; 2017; Donahue et al.; 2018; Cea et al.; 2020; Dijk et al.;

2022). However, spin coating is limited to planar surfaces (Rossetti et al.; 2021).

Dip coating can coat more complex 3-dimensional surfaces by dipping a sample into

a PEDOT:co-ion suspension, but is challenging to selectively pattern (Proctor et al.;

2018). Drop casting PEDOT:co-ion suspensions can achieve selective coatings (Leleux

et al.; 2013); however drop cast PEDOT coatings have shown poor adhesion to metal

electrode substrates (Benoudjit et al.; 2018). Solution processed PEDOT may have

added cross-linkers for stability (Zhang et al.; 2015; Sordini et al.; 2021), additives to

control PEDOT self-assembly (Dauzon et al.; 2019; Cheng et al.; 2022; Wang, Wang,

Zhu, Wang, Gao, Gao and Gao; 2021; Han and Foulger; 2006; Huang et al.; 2017),

and dopants for conductivity enhancement (Ouyang; 2013; Gueye et al.; 2016; Wang

et al.; 2017; Shahrim et al.; 2021). Solution processing can form conductive hydrogels

including directly from hydrogel precursor and PEDOT:co-ion mixtures (Ren et al.;

2021; Gotovtsev et al.; 2019; Zhang et al.; 2020; Furlani et al.; 2022; Akbar et al.;

2020), and by re-swelling pre-cast hydrogels in conductive polymer solutions (although

re-swelling is rarely used for PEDOT containing hydrogels) (Bhat et al.; 2021).

To enhance mechanical and structural properties of PEDOT films, nanoparticles

such as silica nanoparticles (Woeppel et al.; 2019), metallic nanoparticles (Xu et al.;
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PEDOT electrodes for neural stimulation and recording 12

2022), graphene oxide (Luo et al.; 2013) and carbon nanotubes (CNTs) (Chen et al.;

2013; Castagnola, Maiolo, Maggiolini, Minotti, Marrani, Maita, Pecora, Angotzi,

Ansaldo, Boffini, Fadiga, Fortunato and Ricci; 2015; He et al.; 2021; Lu et al.; 2021) can

be embedded between polymer chains during solution processing or electrodeposition to

form a nanocomposite. Nanoparticles form non-covalent bonds with PEDOT to increase

mechanical stability and film flexibility (Adekoya et al.; 2021), and may promote neuron

differentiation and neurite growth on PEDOT nanocomposite films (Depan and Misra;

2014).

PEDOT solutions may also be processed by printing in 2- or 3-dimensions. Screen

printing patterns PEDOT:co-ion films by printing onto a 2D substrate through a mesh

screen covered with a negative mask. PEDOT suspension viscosity is important to

achieve a printable formulation which does not flow once transferred to the substrate,

dimethyl sulfoxide (DMSO), Triton X-100, methyl cellulose, and poly(dimethylsiloxane-

b-ethylene oxide) have been added to achieve appropriate screen printing rheologies

(Sinha et al.; 2017; Tseghai et al.; 2020; Niu et al.; 2021).

3D printing forms 3-dimensional PEDOT structures using PEDOT suspensions

with rheology tailored to allow extrusion while retaining structure following printing.

High concentration suspensions (7% PEDOT:PSS) (Yuk et al.; 2020), cross-linking

agents (Heo et al.; 2019; Aggas et al.; 2020; Abdullah and Phairatana; 2022; Tomaskovic-

Crook et al.; 2019), additives and copolymers for melt-extrusion (Li et al.; 2021;

Dominguez-Alfaro et al.; 2021), and thixotropic additives (Rastin et al.; 2020) have

been used to achieve 3D printable PEDOT formulations. Cell-laden conductive printing

inks have been achieved for direct printing of conductive PEDOT scaffolds containing

living cells (Rastin et al.; 2020).

Conductive fibres containing PEDOT may be formed by electrospinning, extruding

a PEDOT:co-ion suspension under a high voltage electric field to form fibres which are

collected on a substrate (Xue et al.; 2019; Kitto et al.; 2019). Optimised formulations

including carrier polymers such as poly(vinyl alcohol) (PVA), Polycaprolactone (PCL)

and poly(ethylene oxide) (PEO) are used to achieve electrospinnable PEDOT:co-ion

mixtures (Bessaire et al.; 2017; Babaie et al.; 2020; Ritzau-Reid et al.; 2020; Lerond

et al.; 2022), and conductivity enhancers including silver nanoparticles and graphene

oxide may be added (Ngoensawat et al.; 2022; Liu et al.; 2022). Electrospinning can

form conductive, porous, fibrous lattices for tissue engineering (Babaie et al.; 2020;

Ritzau-Reid et al.; 2020), and additional PEDOT coatings may be electropolymerised

onto conductive fibres after electrospinning (Zubair et al.; 2016).

Given the advantages offered by electrodeposition for miniaturised neural elec-

trodes, this review focusses on electrodeposited PEDOT. Electrodeposited PEDOT coat-

ing structure is influenced by deposition methods including deposition charge, co-ion,

and substrate surface state. Coating structure and morphology play a substantial role in

PEDOT coating electrochemical performances. Therefore, electrodeposition parameters

directly influence PEDOT coating structure and electrochemical performance. However,

the range of deposition parameter combinations previously investigated by individual

Page 12 of 59AUTHOR SUBMITTED MANUSCRIPT - JNE-105734.R1

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

A
cc

ep
te

d 
M

an
us

cr
ip

t



PEDOT electrodes for neural stimulation and recording 13

studies has not been comprehensively compared with respect to deposition outcomes.

This review will highlight these relationships between electrodeposition parameters, and

PEDOT coating electrochemical performance.

2. Material and Methods

2.1. Search Strategy

A semi-systematic literature search was conducted. The following five electronic

literature databases were used: Google Scholar, IOPscience, PubMed, Web of

Science, and ProQuest Dissertation & Theses Global. A comprehensive list of

search keywords was developed including: poly (3,4)-ethylenedioxythiophene, PEDOT,

coating, performance, neural, nerve, interfaces, stimulation, recording, electrode,

electrodeposition. Search terms were combined into queries to allow for synonyms,

e.g. “PEDOT AND neural OR nerve AND electrode”.

2.2. Study Selection

Studies were considered for inclusion by one reviewer. Where the reviewer did not reach

a conclusion on study relevance a second, and third reviewer opinion was sought.

Inclusion criteria were studies of electrodeposited PEDOT coatings deposited in

vitro on metallic substrates for the purposes of neural interfaces and neural

engineering. Studies were excluded for reasons including: PEDOT was spin-

coated, cast, or deposition with another non-electrodeposition method;

electropolymerisation was carried out in vivo; or deposition on non metallic

substrates, except when the substrate itself was deposited on metallic electrodes (e.g.

adhesion coatings).

2.3. Data Extraction and Analysis

Study data was extracted by a single reviewer, and checked by a second reviewer.

Study data was tabulated, and where information differed between studies, units

were harmonised and common parameters were calculated. Where appropriate, area

normalised values were calculated to facilitate direct comparison between studies.

Analysis was carried out using MATLAB (R2020A, The Mathworks) on Windows 10

and MacOS (Big Sur) to sort data and generate comparative figures.

We considered a wide scope of materials and methods for deposition and

characterisation. A summary of extracted data is presented in table 1. Two sets

of methods were reviewed separately: electrodeposition methods (section 3.1), which

influence the coating performance directly, and characterisation methods (section 3.2),

which determine how performances are reported. Influence of deposition protocol on

coating morphology was investigated (section 3.3), and electrochemical performance was

reviewed across three key measures: impedance (section 3.4), charge storage capacity

(3.5), and charge injection limit (3.6).
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PEDOT electrodes for neural stimulation and recording 14

Table 1. List of extracted study data.

Summary DOI; Authors; Date; Application1.

Deposition Substrate; Geometry2; Pretreatment3; Cleaning; Monomer; Counter-Ion;

Solution; Electrodes; Mode; Deposition Charge.

Characterisation Morphology Imaging; Characterisation Environment; Characterisation4

Parameters.

Performance Impedance; Charge Storage Capacity; Charge Injection Capacity.

1 Application includes the role of the PEDOT coated interface, e.g. for recording or stimulation.
2 Geometry includes geometric surface area and dimensions used to normalise extracted values.
3 Pretreatment includes roughening, polishing, and pre-deposition.
4 Mechanical and electrochemical characterisation.

3. Results

3.1. PEDOT coating electrodeposition materials and methods

In this section we highlight the most common choices for PEDOT electrodeposition

materials and methods, the effects of materials and methods on electrode performance

is discussed in subsequent sections. PEDOT electropolymerization is influenced by

choices of materials and methods, which have been linked to structural features of

the coating or directly to the electrochemical performance of the coated electrode: for

example, the substrate surface state and EDOT:co-ion ratio influence coating quality

and stability (Tamburri et al.; 2009; Aqrawe et al.; 2019). Results are presented in plots

showing deposition materials and methods combinations (figures 4 and 5), and detailed

numerical results are presented as tables in the appendix, (section 4).

The most common electrode substrates are gold and platinum (figure 4, table 2).

Textured platinum or gold nanoparticles are also used to provide a rough substrate and

promote coating adhesion (Green et al.; 2012; Boehler et al.; 2017; Lee et al.; 2018;

Krukiewicz et al.; 2019).

Poly(styrene sulfonate) (PSS) is the most common co-ion for PEDOT

electrodeposition (figures 4, 5 and table 3). PSS was the first to be used (Guimard

et al.; 2007), and has been studied most extensively. Perchlorate ion (ClO4) and p-

toluenesulfonate (pTS) are widely used in recent studies; co-ion choice allows users to

modify the coating performance (see sections 3.5, 3.6). PSS and pTS interact with

EDOT, templating the structure as shown in figure 3, while smaller, more mobile co-

ions such as ClO4 or tetrafluoroborate (BF4) insert themselves between PEDOT chains

as a charge balancing dopant (Kayinamura et al.; 2010). Peptides and biomolecules

including albumin, heparin, and glutamate have also been used as co-ions to improve

implant integration in vivo (table 3).

GS and PS deposition are the most common modes (figure 4, table 4). Twice as

many studies used GS compared to PS deposition, which resulted in four times as many

results (entries), showing that GS deposition mode is more widely characterised than
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PEDOT electrodes for neural stimulation and recording 15

Figure 4. Alluvial plot of substrate prevalence, co-ion and deposition mode choice.

Options with fewer than three entries are not shown. Complete lists of references and

numbers of studies are tabulated in the appendix for: substrates, table 2; co-ions, table

3; and deposition mode, table 4. Abbreviations are as follows: Au, gold; Pt, platinum;

PtIr, platinum/iridium alloy; Ir, iridium; ITO, indium tin oxide; Mg, magnesium; PSS,

poly(sodium 4-styrenesulfonate); ClO4, perchlorate ion; S-EDOT, sulfonatoalkoxy

EDOT; SNP, silica nanoparticles; TEAP, tetraethylammonium perchlorate; pTS, p-

toluenesulfonate; MWCNT, multi-walled carbon nanotubes; KCl, potassium chloride;

NaCl, sodium chloride; NH2, azanide anion; BF4, tetrafluoroborate; H2SO4, sulfuric

acid; [EMIM][Tf2M], 1-Ethyl-3-methylimidazolium bis(trifluromethylsulfonyl)imide;

GS, galvanostatic; PS, potentiostatic; CV, cyclic voltammetry; GD, galvanodynamic.

PS. Galvanodynamic (GD) deposition often consists of a current ramp applied until a

target current is reached and maintained constant for the rest of the deposition. Cyclic

Voltammetry (CV) is also used as a potentiodynamic deposition method. The majority

of studies performed deposition (and electrochemical measurements) in a three-electrode

cell.
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PEDOT electrodes for neural stimulation and recording 16

Less common deposition materials and methods choices are often linked to a single

item in the other categories. For instance as shown in figure 4, the substrate glassy

carbon has only been paired with the co-ion PSS and the deposition mode GS. While

the most frequent co-ion (PSS) is paired with a wide range of materials and methods,

ClO4 and pTS tended to be predominantly paired with the same set of materials and

methods choices. For example pTS was almost exclusively deposited galvanostatically on

platinum and ClO4 was solely deposited galvanostatically. This shows clear knowledge

gaps in the complex multi-factorial process of PEDOT electrodeposition, where possible

combinations have not been investigated or reported.

Figure 5. Alluvial plot representing choices of EDOT concentration (C EDOT),

co-ion, co-ion concentration (C co-ion) and additional species added to the coating

solution (Add species)

. Options with fewer than two entries are not shown. Concentrations are given in M

(mol/L), unless otherwise specified. Complete lists of references and numbers of

studies are tabulated in the appendix for: EDOT concentration, table 6; co-ion, table

3; and co-ion concentration, table 5. Abbreviations are as follows: PSS, poly(sodium

4-styrenesulfonate); ClO4, perchlorate ion; pTS, p-toluenesulfonate; MWCNT,

multi-walled carbon nanotubes; BF4, tetrafluoroborate; Dex, dextran; CNT, carbon

nanotubes; PEG, polyethylene glycol; PAA, poly(acrylic acid).

PSS, the most popular co-ion, also had the greatest variation in reported
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PEDOT electrodes for neural stimulation and recording 17

concentration, from 0.01 M to 0.29 M, with most studies using 0.1 M or 0.02 M PSS

(figure 5, table 5). Less variability is present in reported concentration of less popular

co-ions. ClO4 is mostly used at 0.1 M, and pTS is mostly used at 0.05 M. Multi

walled carbon nanotubes’ (MWCNT) molar mass is not well defined, therefore MWCNT

concentration is reported as mass concentration (1 mg/mL to 2 mg/mL table 5).

EDOT monomer is used in a vast majority of studies at a concentration of 0.01 M

(48% of studies) and 0.02 M (21%) (table 6). Most often, the EDOT:co-ion ratio was

1:10; 1:2 and 1:1 were also frequent (figure 5). Amongst the major co-ions, pTS and a

fraction of ClO4 studies had a 2:1 EDOT:co-ion ratio. As expected, most studies did

not use additional species in deposition. Acetonitrile was listed as an additional species

in this table, as it can have possible effects on deposition. However acetonitrile was not

deposited as another component of the polymer matrix but used as a solvent or solvent

component to aid EDOT solubility.

Only 30% of studies specified a substrate cleaning method before electrodeposition.

The most common cleaning method was CV cycling in H2SO4 or PBS. A single study

specified not cleaning the substrate prior to deposition (Castagnola, Descamps, Lecestre,

Dahan, Remaud, Nowak and Bergaud; 2015).

After electrodeposition 44% of studies report cleaning the PEDOT coated sample.

The most common cleaning protocol is rinsing PEDOT coated samples with deionised

water to remove unpolymerized monomer, and air drying. Other post-deposition

protocols include: rinsing with dichloromethane (Yang et al.; 2005; Abidian et al.;

2006; Ludwig et al.; 2006; Abidian et al.; 2007; Abidian and Martin; 2008; Abidian

et al.; 2009; Abidian and Martin; 2009), sonication (Sebaa et al.; 2013), and applying

a few CV cycles in a cleaning solution (Mandal et al.; 2014, 2015; Pranti et al.; 2018).

Post-deposition protocols used for organic electronics to improve PEDOT conductivity,

including acid treatment, thermal treatment, UV irradiation, polar organic solvent

addition, and surfactant treatment, are not widely reported in the neural engineering

literature (Shi et al.; 2015). This may be due due to concerns with toxicity, compatibility

with other implant materials, and reduced coating stability.

3.2. PEDOT coating characterisation methods

Observed electrochemical performance depends upon the test conditions used: the

test solution and parameters. This section summarises methods of morphological,

mechanical, and electrochemical characterisation, including test parameters for

electrochemical impedance spectroscopy (EIS), cyclic voltammetry (CV), and

chronopotentiometry (CP), used to investigate the performance of PEDOT-coated

neural interfaces. The characterisation method parameters used in the considered

studies are summarised in the appendix.

3.2.1. Imaging methods

Coating morphology was evaluated most commonly using scanning electron
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PEDOT electrodes for neural stimulation and recording 18

microscopy (SEM). SEM imaging consists in sending an electron beam to the sample and

capturing the reflected electrons to get a black and white contrast image of structure and

conductivity. Magnification and accelerating voltage (in kV) are the most commonly

reported parameters.

For quantitative measurements of thickness and roughness, more precise techniques

including focussed-ion beam (FIB) and atomic force microscopy (AFM) were preferred.

FIB can be operated in two modes: high current FIB, which is a destructive method

creating a transversal cut though a sample, and low current FIB, which is a non-

destructive imaging method similar to SEM. Both FIB modes can be used to image

coating thicknesses. AFM is a high resolution method, where a flexible cantilever head

reflects a laser signal to a photodiode. The head can either be force-controlled (tapping

mode), where the head keeps a constant distance with the substrate surface, measuring

roughness through the variation of photodiode current, or current-controlled (contact

mode), where the head’s position is kept steady and electron exchange with the substrate

via tunnelling effect generates a conductivity map of the substrate. AFM spring constant

(N/m) and resonant frequency (Hz) are important parameters to report.

3.2.2. Mechanical testing

Mechanical testing primarily tested coating adhesion. The tape test consists in

attaching a calibrated tape strip to the coating, exerting a 180◦ pull, and measuring

the force required for coating delamination. Another adhesion test reported involved

sonicating samples in deionized water until delamination was observed; however, this

method is less quantifiable and reproducible.

3.2.3. Electrochemical impedance spectroscopy methods

Electrochemical impedance spectroscopy (EIS) parameters used to characterise

PEDOT coated neural electrodes are given in figure 15 and tables 7 and 8 (see appendix).

A wide frequency range enables a more thorough characterisation of the electrode and

can allow for calculation of characteristic parameters including solution resistance (Rs),

obtained at high frequencies (> 10 kHz), and double layer capacitance (Cdl). The most

common EIS frequency range is 1 Hz to 100 kHz and the majority of EIS ranges were

centered at 100 Hz to 1 kHz, within a typical biosignal recording bandwidth (figure 15,

appendix).

EIS amplitude (table 7) relates to the amplitude of the AC excitation potential

used as input. Over 60% of studies used EIS amplitudes ≤ 10 mV. Small amplitudes

are usually recommended to maintain the assumption of linearity and we can see in

table 7 that this requirement is respected in most studies (Boehler et al.; 2020).

EIS potential is the voltage at which the working electrode is held with respect to

the reference electrode; it is the average value of the AC voltage applied. Most studies

do not state EIS potential, we assume that EIS was carried out at open-circuit potential

(OCP) but we cannot be sure. A few studies performed EIS at potentials which do

not correspond to a reported OCP. Characterisation may then not reflect electrode
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PEDOT electrodes for neural stimulation and recording 19

behavior in operating conditions (Bobacka et al.; 2000; Peng et al.; 2007; Harris et al.;

2012; Ouyang et al.; 2017; Qu; 2017; Bodart et al.; 2019; Popov et al.; 2019).

The choice of electrochemical measurement parameters may be strongly influenced

by available equipment and default parameters. For example, the default parameters

for the potentiostat equipment present in our laboratory include: 0.2 Hz to 100 kHz

frequency range, 10 mV RMS AC amplitude, DC voltage: 0 V vs OCP.

3.2.4. Cyclic voltammetry methods

Cyclic voltammetry parameters used to characterise PEDOT coated neural electrodes

are given in figure 16 and table 9 (see appendix). As for EIS, the voltage ranges used

for CV were plotted from largest to smallest. The most common ranges are [-0.6, +0.8]

and [-0.9, +0.5] vs Ag|AgCl, which correspond respectively to the water windows for

Pt/PtIr and for PEDOT (Cogan et al.; 2016).

The sweep rate describes the change in applied working electrode potential with

time. The most commonly chosen sweep rate is 100 mV/s. A fast sweep rate (500 mV/s

and above) considers fast electron transfers and mostly capacitive charge injection, while

a slow sweep rate (50 mV/s and below) is intended to allow reactions to reach pseudo-

steady-state and will be more sensitive to faradaic charge injection (Harris et al.; 2018).

3.2.5. Current pulsing methods

The majority of current pulsing studies used cathodic first (CF), current-controlled

biphasic pulses, which is the recommended standard for stimulation (Merrill et al.; 2005)

(table 10). The pulse width was variable, with most studies using pulse widths in the

100’s of µs range and with the most common pulse widths at 100 µs, 200 µs, 500 µs

and 1000 µs (table 11). A single study used long pulses of 60 s to study polarization

over longer time scales (Bobacka; 1999). Interpulse delays were not mentioned in most

studies, and where they were described, the durations varied (table 12).

3.3. Coating morphology

PEDOT electrodeposition materials and methods control the macroscopic and

microscopic structure of PEDOT conductive coatings. Factors including co-ion choice

and deposition charge affect different steps of the polymer growth, and can yield

smooth and compact, or rough and porous coatings. PEDOT coating morphology has

been directly linked to electrochemical performance: increased roughness increases real

electrode surface area, decreasing electrode impedance (Boehler et al.; 2020). Therefore,

analysis of coating morphology will hint at the electrochemical behavior of electrodes,

addressed later in this review.

The range of electrodeposited PEDOT coating morphologies on planar neural

electrodes is shown in figure 6. The typical granular or ”cauliflower” morphology

of PEDOT coatings (figure 6 C,I,K.) arises from a 2D-3D growth process (Tamburri

et al.; 2009; Castagnola et al.; 2014; Chapman et al.; 2018; Pingree et al.; 2008).
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PEDOT nuclei precipitate on the electrode and grow by polymer chain extension on

the electrode surface, which is the 2D growth phase. When adjacent nuclei overlap 3D

growth commences, forming a bulk structure with PEDOT nuclei distributed throughout

conduction dots (Pingree et al.; 2008). Increased charge density at electrode edges causes

thickening of coatings at the edge of planar electrodes where PEDOT nuclei are more

likely to precipitate (figure 6A-E) (Liu et al.; 2015; Subramanian and Martin; 2021).

Figure 6. A and B: PS and GS depositions (Cui and Martin; 2003); C, D

and E: GS deposited with pTS, ClO4 and PSS (Green et al.; 2012); F, H and

J: morphology of PS deposited PEDOT:MWCNT, GS deposited PEDOT:MWCNT

and GS deposited PEDOT:PSS; and G, I and K show the respective microscopic

structure (Zhou et al.; 2013). Figures modified or reproduced from: Chapman et al.

(2018) CC-BY-3.0; Cui and Martin (2003) reprinted from Sensors and Actuators B:

Chemical, Vol 89, Cui and Martin, ”Electrochemical deposition and characterisation

of poly(3,4-ethylenedioxythiophene) on neural microelectrode arrays”, Pages 92-102,

Copyright (2003), with permission from Elsevier; Castagnola et al. (2014) reprinted

from Synthetic Metals, Vol 189, Castagnola et al., ”Morphology and conductivity of

PEDOT layers produced by different electrochemical routes”, Pages 7-16, Copyright

(2014), with permission from Elsevier; Green et al. (2012) reprinted from Biomaterials,

Vol 33, Green et al., ”Substrate dependent stability of conducting polymer coatings on

medical electrodes”, Pages 5875-5886, Copyright (2012), with permission from Elsevier;

Zhou et al. (2013) reprinted from Acta Biomaterialia, Vol 9, Zhou et al., ”Poly(3,4-

ethylenedioxythiophene)/multiwall carbon nanotube composite coatings for improving

the stability of microelectrodes in neural prostheses applications”, Pages 6439-6449,

Copyright (2013), with permission from Elsevier.
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PEDOT electrodes for neural stimulation and recording 21

Figure 7. PEDOT coating thickness versus deposition charge density. Co-ions are

indicated by marker shape: ◦ for PSS, ∆ for ClO4, □ for pTS, ⋆ for MWCNT and ♢
for other species.

3.3.1. Thickness

The effect of deposition materials and methods on PEDOT thickness was monitored

in 19 studies. Increasing deposition charge density increases PEDOT coating thickness

(figure 7). At charge densities above 30 mC/cm2 PEDOT coating thickness is positively

correlated with deposition charge density: increased charge density leads to increased

coating thickness (0.0367 µm per mC/cm2 or 36.7 µm per C/cm2). This relationship is

visually consistent between studies despite different deposition conditions and electrode

characteristics (figure 7) (Xiao, Cui and Martin; 2004; Yang et al.; 2005; Yang and

Martin; 2006; Yang et al.; 2007; Abidian et al.; 2010). At low charge densities, below

30 mC/cm2 the correlation deviates from linear: thickness remains low and does not

appear to correlate with charge density (Gerwig et al.; 2012; Antensteiner; 2018).

We note differences from the global trend in a few studies. Yang et al. (2007)

shows a shallower linear trend. The initially higher thickness may be due to deposited

PEDOT nanofibrils, using polyacrylic acid (PAA) as a solvent. Increasing deposition

charge density increased thickness only slightly. Some studies report several thicknesses

for identical deposition charge densities (Baek et al.; 2014a; Gerwig et al.; 2012;

Antensteiner; 2018), due to other differences in deposition method. Addition of CNT

results in consistently thicker coatings (Gerwig et al.; 2012). Baek et al. (2014a)

used PSS, pTS and ClO4 as co-ions but no clear relationship between co-ion choice

and coating thickness was observed. Antensteiner (2018) used different deposition
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current×time pairs to achieve similar charge densities: no clear trend in the effect of

current density or time was apparent which was not explained by the resulting charge

density.

3.3.2. Roughness

PEDOT coatings have a rough surface and may incorporate porosity as well.

Therefore, the surface available for electrochemical interaction is increased. Two

metrics are distinguished to describe surface area: geometric surface area (GSA) for

the substrate dimension, and real surface area (RSA) for the apparent surface available

for electrochemical interactions accounting for roughness and porosity.

Figure 8. PEDOT coating roughness versus deposition charge density. Co-ions are

indicated by marker shape: ◦ for PSS, ∆ for ClO4, □ for pTS, ⋆ for MWCNT and ♢
for other species. Roughness in root mean squared (RMS) average of deviation from

the mean profile height.

PEDOT coating roughness was reported in 4 studies (Yang and Martin; 2006;

Venkatraman et al.; 2011; Antensteiner and Abidian; 2017; Antensteiner; 2018).

Antensteiner and Abidian (2017) and Yang and Martin (2006) observed linear increases

in roughness with deposition charge density before reaching a plateau at approximately

Ra = 10 nm, where increasing deposition charge density does not increase coating

roughness further (figure 8). Antensteiner (2018) observed a linear correlation between

roughness and charge density across all roughnesses. Venkatraman et al. (2011)

calculated coating roughness from a theoretical model (following Cui and Martin (2003)),

and although this follows the global linear trend this observation must be considered

with caution because: roughness was not directly measured; and the reported roughness
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is approximately 4 times larger than other observed roughnesses. The length scale

dependence of surface roughness measurements makes interpretation between studies

challenging where the cut off lengths are unknown.

Antensteiner (2017; 2018) varied the deposition charge density with both current

density (figure 9 A) and deposition time (figure 9 B); therefore similar charge

densities may result from different current density and time combinations. Longer

deposition times correlated with rougher coatings (figure 9 A.), approaching a plateau

in Antensteiner and Abidian (2017). Increased current density also correlated with

rougher coatings (figure 9 B), but with maxima observed at similar charge densities

(600 s and 300 s depositions have peak roughness at 120 mC/cm2 and 150 mC/cm2

respectively) in Antensteiner and Abidian (2017). Similar trends in Antensteiner (2018)

are less consistent, attributable to the increased edge effect of smaller electrodes and

underlying electrode surface variation.

Figure 9. A. Roughness versus deposition time at constant deposition current

densities. B. Roughness versus deposition current density at constant deposition times.

A17 = Antensteiner and Abidian (2017), A18 = Antensteiner (2018).

3.3.3. Coating structure

The influence of deposition materials and methods including deposition mode and

co-ion on coating morphology was studied systematically in eight papers (Cui and

Martin; 2003; Green et al.; 2011, 2012; Zhou et al.; 2013; Baek et al.; 2014a; Castagnola
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et al.; 2014; Gunapu and Vanjari; 2017; Bodart et al.; 2019). The deposition mode

(PS, GS, CV or GD) achieves different outcomes regardless of other deposition method

choices. PS deposition results in individual grain-like structure from 2 µm to 5 µm,

while GS deposition yields a wavy but continuous structure (figure 6 A. and B.) (Cui

and Martin; 2003). Microscopically, PS and GS show a similar cauliflower-like structure

with PEDOT-rich grains separated by low concentration areas (PSS-rich areas), while

CV deposition yields a more uniform coating (Castagnola et al.; 2014). CV deposition

results in lower roughness coatings with higher intrinsic conductivity where charges

travel more easily between the connected grains (Castagnola et al.; 2014). PS and GS

grain structures have the opposite effect, reducing conductivity slightly but increasing

roughness. For both PS and GS depositions, the number of PEDOT:PSS nuclei and the

grain size increase with deposition time and with applied potential/current.

Zhou et al. (2013) compared PS and GS depositions of PEDOT:MWCNT with GS-

deposited PEDOT:PSS (figure 6 F. - K.). For PEDOT:MWCNT, PS deposition yielded

a wide and flat coating, overflowing to twice the substrate electrode diameter (100 µm),

while GS deposition grew in a cone shape of smaller diameter than the substrate with

greater roughness, and the PEDOT:PSS coating grew in a cylindrical shape, comparable

to the GS-deposited PEDOT:MWCNT (figure 6, respectively J. and H.). Structurally,

PS coatings formed compact globular particles while GS coatings formed a porous

tangled rod structure and PEDOT:PSS exhibited the well-known cauliflower structure.

When functionalized MWCNTs are added to PEDOT:PSS, a rougher, more porous

structure is obtained (Gunapu and Vanjari; 2017). PSS co-ion creates smoother coatings

compared with pTS and ClO4 co-ions (figure 6 C. - E.) (Green et al.; 2012; Baek et al.;

2014a). Coating structures with pTS and ClO4 co-ions are different, and vary between

studies: pTS exhibited larger, bulkier grains than ClO4 coatings in Green et al. (2011,

2012), and smaller grains than ClO4 in Baek et al. (2014a).

Solvent choice also influences coating morphology: deionised water results in

compact, rough, homogenous depositions, while organic solvents (acetonitrile and

propylene carbonate) create porous coatings, which are less homogenous for the latter

and prone to overgrowth (Bodart et al.; 2019). However, surface morphology was

reported to be rougher with acetonitrile solvent, independent of co-ion choice in

Poverenov et al. (2010). The differing conclusions may be due to the difference in

electrode shape (conical for Bodart et al. (2019), flat for Poverenov et al. (2010)).

3.4. Electrode impedance

Electrochemical Impedance Spectroscopy (EIS) measures the complex impedance

response of an electrode to a small amplitude AC excitation. EIS is usually carried out at

or near the OCP (table 8) and with a small excitation amplitude such that the electrode

response remains linear (table 7). PEDOT coatings aim to reduce electrode impedance

to reduce electrode noise and impedance imbalance and improve electrode performance

for neural recording (Guo; 2020; Petrova; 1999; Mierzejewski et al.; 2020; Chung et al.;
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PEDOT electrodes for neural stimulation and recording 25

2015; Boehler et al.; 2020; Ludwig et al.; 2011). We note that the measurement setup for

EIS, with a small excitation amplitude, is not applicable to neural stimulation electrodes,

and stimulation relevant measurements are presented in sections 3.1, 3.5, and 3.6.

Figure 10. A. Electrode impedance at 1 kHz plotted against deposition charge density.

Co-ions are indicated by marker shape: ◦ for PSS, ∆ for ClO4, □ for pTS, ⋆ for

MWCNT and ♢ for other species. B. Equivalent resistivity at 1 kHz plotted against

deposition charge density normalised using equation 2.

Figure 10 A. shows the relationship between electrode impedance and deposition

charge density. No clear trend in impedance magnitude with deposition is observed,

although all PEDOT coated electrode impedances are expected to be lower compared

with uncoated electrodes (Ludwig et al.; 2011). Observed impedance depends upon

electrode geometry: when normalised to an equivalent 1 kHz resistivity using electrode

geometry according to equation 2 (Newman; 1966), the majority of coatings have an

equivalent resistivity of approximately 50 Ω.cm (PBS ≈ 72 Ω.cm (Chung et al.; 2015),

figure 10 B.). Lower equivalent resistivities are observed for highly non-planar electrode

geometries (Kayinamura et al.; 2010; Bodart et al.; 2019) and PEDOT/MoS2 composite

coatings (Gunapu et al.; 2020). To better understand trends in electrode impedance,

reports with 5 or more different charge densities were considered (figure 11). For

large electrode impedances (> 1 kΩ), and below a threshold charge density (between

102 mC/cm2 and 103 mC/cm2), impedance is negatively correlated with deposition

charge density: increasing charge density reduces electrode impedance. However; above

a threshold of PEDOT deposition charge density (e.g. >700 mC/cm2 in Ludwig et al.

(2006)) electrode impedance is positively correlated with deposition charge, attributed

to coating delamination (Ludwig et al.; 2006) and reductions in coating roughness (Yang
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et al.; 2007, 2005; Xiao, Cui, Hancock, Bouguettaya, Reynolds and Martin; 2004; Xiao,

Cui and Martin; 2004; Yang and Martin; 2006).

Figure 11. Electrode impedance at 1 kHz plotted against deposition charge density

for studies with at least or more different charge densities. Co-ions are indicated by

marker shape: ◦ for PSS, ∆ for ClO4, □ for pTS, ⋆ for MWCNT and ♢ for other

species. Baek 2014a overlaps Baek 2014b and is therefore not visible on the graph.

3.5. Charge storage capacity

PEDOT coatings aim to increase CSC to improve electrode performance for neural

stimulation.

Figure 12 shows the relationship between CSC and deposition charge density.

CSC increases linearly with deposition charge density, despite the difference in other

deposition materials and methods and CV parameters. Clear positive correlations are

reported in some studies (Yang et al.; 2005; Luo et al.; 2011; Antensteiner and Abidian;

2017), while a few studies report different trends. Bodart et al. (2019) shows high

CSC, which could be explained by the use of acetonitrile and PC as solvent, yielding

porous and rough coatings with overgrowth, see section 3.3. Ouyang et al. (2017)

report constant CSC of 2 mC/cm2 to 2.5 mC/cm2 for deposition charge densities

between 30 mC/cm2 and 600 mC/cm2 on ITO and increased CSC to 7.85 mC/cm2

on Pt for 1000 mC/cm2 deposition charge density. The constant values are reported

for a functionalized PEDOT-NH2 to be used as adhesion layer, while the higher CSC

corresponds to PEDOT:PSS. PEDOT-NH2 does not form a polymer matrix like other

co-ions, thus the coating does not grow with higher deposition charge densities and

the CSC does not change (Ouyang et al.; 2017). Co-ion choice also influences CSC:
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Figure 12. Charge storage capacity versus deposition charge density. Co-ions are

indicated by marker shape: ◦ for PSS, ∆ for ClO4, □ for pTS, ⋆ for MWCNT and ♢
for other species. ”Castagnola 2014” refers to Castagnola, Maiolo, Maggiolini, Minotti,

Marrani, Maita, Pecora, Angotzi, Ansaldo, Boffini, Fadiga, Fortunato and Ricci (2015).

porous, rough and thick coatings yield larger CSC because of their larger real surface

area. King et al. (2011) report comparable CSC for heparin (20.9 mC/cm2), Cl− (19.3

mC/cm2) and PSS (26.1 mC/cm2) co-ions and a lower CSC for ClO4 (8.9 mC/cm2)

co-ion. This result is counter intuitive, as ClO4 increases coating roughness, which

should increase the surface area and therefore increase CSC. Alba et al. (2015) reported

that PEDOT:MWCNT had a 5 times higher CSC than uncoated sites which decreased

over time in vivo. Abidian and Martin (2009) demonstrate that for the same deposition

methods, the addition of PEDOT nanotubes and hydrogel increases CSC.

Observed CSC is sweep rate dependent. At identical deposition charge density, fast

sweep rate (1 V/s) yielded a 2.4 times larger CSC than slow sweep rate (50 mV/s), with

a wide square-shaped voltammogram compared to well-defined peaks on the slow sweep

rate voltammogram (Wilks et al.; 2009).

3.6. Charge injection limit

Charge injection limit (CIL) is the maximum injectable charge during a current pulse

before the electrode potential reaches the onset of harmful reactions, usually the water

window. CIL is measured using CP, sending biphasic current pulses of increasing
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intensity and recording the electrode potential. Test parameters including pulse width

and test solution can have a considerable influence on observed CIL. Several pulse widths

were used across studies, so we considered the influence of pulse width on observed CIL

(Figure 13). To compare between studies the influence of deposition charge density on

CIL was examined for the two most used pulse widths (figure 14). PEDOT coatings

aim to increase CIL to improve electrode performance for neural stimulation.

Figure 13. Charge storage capacity versus pulse width for identical deposition charge

density. Filled markers indicate anodic-first stimulation and empty markers indicate

cathodic-first stimulation.

Three studies reported the effect of pulse width on CIL, keeping the same deposition

strategy (Green et al.; 2010, 2012, 2013). All studies showed an increase in the CIL with

pulse width. Anodic-first pulses resulted in higher CIL than cathodic-first pulses. Green

et al. (2011) report higher CIL for ClO4 than pTS co-ions, while Green et al. (2012)

shows that pTS co-ions generate a slightly higher CIL, and that both ClO4 and pTS

co-ions exhibit larger CIL than PSS co-ions. Laser roughening of the substrate before

coating increases CIL for all co-ions, and the influence was greater for pTS and ClO4

than for PSS co-ions (Green et al.; 2012). The CIL of pTS co-ion coatings is lower than

ClO4 without roughening. Green et al. (2013) show that observed the CIL decreases

when serum is added to a PBS test solution.

For 200 µs pulse width, the CIL increases with deposition charge density (figure

14 A.). Zhou et al. (2013) shows increased CIL when adding MWCNT to PEDOT,

especially for anodic-first pulses, which exhibit a higher CIL than cathodic-first. The

discrepancy in Green et al. (2011) and Green et al. (2012) for identical deposition charge

densities is due to different co-ion, while Green et al. (2013) report lower CIL when

adding serum to PBS.
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Figure 14. A. Charge injection limit versus deposition charge density for 200 µs pulse

width. B. Charge injection limit versus deposition charge density for 1000 µs pulse

width. Filled symbols represent anodic-first pulses. Co-ions are indicated by marker

shape: ◦ for PSS, ∆ for ClO4, □ for pTS, ⋆ for MWCNT and ♢ for other species.

Filled markers indicate anodic-first stimulation and empty markers indicate cathodic-

first stimulation.

For 1000 µs pulse width, the CIL also increases with deposition charge density,

with a steeper slope than at 200 µs (figure 14 B.). Venkatraman et al. (2011) observed

a relatively low CIL for a 1920 mC/cm2 deposition charge density, which could be

explained by a different electrode shape: a wire tip concentrates the electric field, causing

larger potential gradients than for disc electrodes.

4. Discussion

Despite the wide range of PEDOT coating electrodeposition methods and character-

isation methods reported, clear correlations have been observed. Deposition charge

density is positively correlated with coating thickness, coating roughness, charge stor-

age capacity, and charge injection limit. Electrode impedance shows dependence on

electrode radius rather than charge density for the majority of studies outside extremes

of deposition charge density. Other method choices including deposition mode and sol-

vent have important effects on coating morphology and structure, which affect electrode

performance.

PEDOT coating methods Substrate, co-ion, and deposition mode choice are

dominated by a few common choices: gold or platinum; PSS, ClO4, or pTS; and GS,
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PS, or CV respectively. A few trends are attributed to reproducing research protocols

within the same research group, including using 0.05 M pTS as co-ion; however, most

effects seem to be independent of the research group. Naturally, protocols tend to

be reproduced from previous successful studies, as for instance the four earliest studies

considered in this review used the same EDOT and co-ion concentrations (Yamato et al.;

1995; Bobacka; 1999; Bobacka et al.; 2000; Cui and Martin; 2003).

Co-ion concentrations and EDOT concentrations varied by as much as 1 order

of magnitude between studies. Higher co-ion concentrations may inhibit monomer

oxidation at the electrode surface and may trap charges in the coating structure,

increasing impedance (Kayinamura et al.; 2010). However, this effect was not confirmed

in this review when considering only the 1 kHz impedance. The impedance increase

may apply to other frequency ranges, and other factors such as electrode size and shape

dominate the implant’s impedance.

PEDOT characterisation methods Choices of characterisation method and

parameters, for example not conducting EIS at OCP, may influence the reported results.

However, we find here that reported 1 kHz impedances were not substantially different

for EIS at OCP than at other potentials. Differences may arise at low frequencies, but

these values were not consistently reported (Boehler et al.; 2020).

Choosing the sweep rate for CV as a compromise may result in losing the benefits

of both slow and fast CV. To have a detailed representation of possible reactions and

calculate an accurate CSC, a slower sweep rate is needed (10 mV/s or slower). However,

slow CV does not allow accurate representation of the possible reactions during a pulse,

since slow CV depicts a quasi-equilibrium state, whereas during a short stimulation

pulse, the potential change rate is of the order of 100 V/s, far from equilibrium

conditions.

CP should be conducted at the pulse width that is to be used in vivo. Therefore,

pulse widths greater than 200 µs may not represent the true CIL of electrodes intended

for use for neural stimulation with typical pulse widths in vivo of 100 µs or 200 µs.

Coating morphology PEDOT coating morphology, including thickness and

roughness, depends upon deposition charge density. High current density does not

guarantee a rough coating: to achieve an increase in roughness a long deposition time

may be required (figure 9). For low current densities (0.1 mA/cm2 to 0.5 mA/cm2) a

regular increase of roughness with time occurs but low overall roughness is achieved,

even for long depositions. At medium current density (0.5 mA/cm2), large roughnesses

may be achieved with limited deposition time, with maximum in roughness depending on

charge density (Antensteiner and Abidian (2017) shows limited roughness for the highest

charge densities and longest time). The plateau observed by Antensteiner and Abidian

(2017), which was not present in Antensteiner (2018), can be explained by the change

of EDOT:PSS ratio: by using a 10 times larger PSS concentration, Antensteiner (2018)

may have allowed more PSS to deposit to create PEDOT grains, increasing roughness,
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PEDOT electrodes for neural stimulation and recording 31

while Antensteiner and Abidian (2017) may have exhausted the PSS. This hypothesis is

supported by Yang and Martin (2006), which used the same ratio as Antensteiner and

Abidian (2017) and observed a similar plateau of roughness.

The consistency in this result between studies demonstrates that deposition charge

density determines PEDOT coating thickness. Variation in thickness between individual

studies can be explained by variation in other deposition factors, such as addition of

MWCNT or use of specific solvents to template the coating. Besides MWCNT, co-ion

choice did not influence PEDOT coating thickness significantly.

Electrode impedance Impedance at 1 kHz was the most consistently reported result

for EIS measurement; however, 1 kHz EIS is insufficient to fully describe the electrode

behaviour (Boehler et al.; 2020). 1 kHz impedance is negatively correlated with

deposition charge density under some conditions, also depending on electrode geometry,

test conditions, and coating stability and roughness.

PEDOT coatings increase electrode capacitance, such that for the majority of

reporting studies the capacitive reactance at 1 kHz is lower than the spreading resistance

of the solution (Rs). Therefore, electrode geometry and solution resistivity prevail

in the observed impedance, the 1 kHz response is near ohmic, and scales roughly

inversely with radius (r−1) according to equation 2 (Chung et al.; 2015; Kayinamura

et al.; 2010; Newman; 1966; Fan et al.; 2021; Ganji et al.; 2017; Wang, Jung, Lee

and Wang; 2021; Proctor et al.; 2016), shown in the consistent equivalent resistivity

values between studies (figure 10 B.). Increasing deposition charge density increases

capacitance without reducing electrode impedance unless the coating changes the

electrode geometry or roughness (Ouyang et al.; 2017; Baek et al.; 2014a; Luo et al.;

2011; Gerwig et al.; 2012; Yang and Martin; 2006). We hypothesise that PEDOT coated

electrode 1 kHz impedance will scale roughly with area (r−2) only for low deposition

charge densities, where coating volume and therefore double layer capacitance is not

substantially increased, or small electrodes, where capacitance governs the observed

impedance (Ganji et al.; 2017; Wang, Jung, Lee and Wang; 2021; Proctor et al.; 2016).

The transition from radial to areal 1 kHz impedance scaling has been observed below

radius≈ 100 µm for both Au and Pt PEDOT:PSS spin coated electrodes, compared with

radius ≈ 1000 µm for uncoated Au and Pt electrodes (Ganji et al.; 2017; Wang, Jung,

Lee and Wang; 2021). An additional transition from areal to radial scaling is observed

below 10 µm radius for Pt electrodes, a transition which has not been reported with

PEDOT coatings (Fan et al.; 2021).

No clear influence of co-ion on EIS was observed. ClO4 seemingly correlated with

higher 1 kHz impedance, however studies testing different co-ions reported similar EIS

values (Baek et al.; 2014a,b). Therefore, we hypothesize that the higher 1 kHz impedance

for ClO4 was due to other materials or methods. Among the papers reporting high 1

kHz impedance with ClO4, a series by Abidian (2008; 2009; 2009; 2010) used a PLLA

template to form PEDOT nanotubes, which increased coating thickness and CSC, but

possibly also increased 1 kHz impedance. We can notice however, that in the two
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latest studies (Abidian and Martin; 2009; Abidian et al.; 2010), the normalised 1 kHz

impedance fell in line with other studies and even below. Another study standing out is

from Yang et al. (2007), which used polyacrylic acid (PAA) to form PEDOT nanofibrils

could offer a similar explanation. Besides, normalised 1 kHz impedances in other studies

using ClO4 mostly follow the same trend as other co-ions.

For some studies, above a threshold, impedance is positively correlated with

deposition charge density. Negative correlations between impedance and deposition

charge density are attributable to increased electrode capacitance and area. Positive

correlations at high deposition charge densities have been attributed to delamination

of thick coatings during handling (Ludwig et al.; 2006), and reductions in coating

roughness and porosity at charge densities above 8× 102 mC/cm2 (Yang et al.; 2007),

1 × 103 mC/cm2 (Yang et al.; 2005), or 1.5 × 103 mC/cm2 (Xiao, Cui, Hancock,

Bouguettaya, Reynolds and Martin; 2004; Xiao, Cui and Martin; 2004; Yang and Martin;

2006) (a series of studies from a single laboratory).

Charge storage capacity CSC is strongly correlated with deposition charge density

(figure 12). PEDOT coating is inherently rough and porous, significantly increasing real

electrode surface area and therefore CSC. Increasing coating thickness and roughness

with increased deposition charge density explain increases in CSC. In contrast to Pt

CSC by pseudocapacity of 294 µC/cm2 (Merrill et al.; 2005), and Pt CSC observations

ranging from 150 µC/cm2 to 5.6 mC/cm2 depending upon CV parameters (Harris

et al.; 2018), CSC can be increased by PEDOT coating: 4.3× (Strauss et al.; 2020);

8.6× (Ouyang et al.; 2017); and 15× (Venkatraman et al.; 2011) in example studies.

Deposition materials or methods which change PEDOT coating morphology also affect

the CSC, such as acetonitrile solvent which increases roughness, real electrode area, and

thus increases CSC (Bodart et al.; 2019). Co-ion choice, and co-deposited coatings,

can tailor CSC, reducing CSC with ClO4 co-ions (King et al.; 2011), or increasing with

MWCNT co-coatings (Alba et al.; 2015).

PEDOT:PSS coating capacitance is proportional to deposited PEDOT volume

(Bianchi et al.; 2022; Proctor et al.; 2016). In this review we show a positive

correlation between CSC and deposition charge density (figure 12), and a positive

correlation between thickness and deposition charge density (figure 7); therefore there

is a correlation between CSC and deposited PEDOT volume.

Charge injection limit CIL was highly influenced by co-ion choice and correlated

positively with pulse width and deposition charge density. The testing solution played

an important role in CIL measurement as the addition of serum notably decreased the

CIL, partially explaining differences between in vitro and in vivo results.

Many observed differences are due to substrate or characterisation choices, rather

than PEDOT coating methods. CIL increases with substrate laser roughening (Green

et al.; 2012), attributable to increased real surface area. CIL decreases when serum is

added (Green et al.; 2013) due to proteins adsorbing onto the electrode surface, reducing
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the charge-transfer area and increasing polarisation.

Topics not covered This review aimed to summarise the methods used for PEDOT

electrodeposition on metallic electrodes to be able to compare deposition routes.

The variety of parameters of characterisation methods makes interpretation and

comparison challenging without apparent justification. With new methods developing,

such as PEDOT hydrogels and in situ polymerization, it is crucial that methods are

reported extensively and as uniformly as possible, so performances can be compared

and reproduced.

This review has not investigated long-term stability of PEDOT coatings, or their

performance in vivo for recording and stimulation. The wide range of analysis methods

for stability and in vivo performance make direct comparisons and synthesis of results

challenging. Nevertheless efficient recording capability and long-term stability are

key challenges of the use of PEDOT coatings. PEDOT may crack and delaminate

under electrochemical stress or delaminate with handling (Ludwig et al.; 2006; Cui

and Zhou; 2007; Jan et al.; 2009; Boehler et al.; 2017). Adverse body response

is reduced for PEDOT coated electrodes compared with bare metal; however, body

response still affects neural implants’ long term performance and stability of PEDOT

coatings in chronic experiments (Ludwig et al.; 2006). Common co-ions including

MWCNTs and NPs acted to form PEDOT nanocomposites, which are favored for

next generation implants; however, key mechanical and biological advantages of

nanocomposites including coating stability and neuron response were not addressed

in this review (Adekoya et al.; 2021; Depan and Misra; 2014). Substrate adhesion and

mitigation of body response are key lines of investigation for PEDOT coatings to prolong

neural electrode efficacy.

Conclusion

The wide range of materials and methods used for PEDOT deposition illustrates its

versatility and “tunability”. The impact of deposition methods on specific performances

(EIS, CV, CP) and correlations between morphology and performance were highlighted.

Electrode performance and integration represents a broader challenge, and where

thickness and roughness need to be increased to reduce impedance and increase CSC,

it may compromise mechanical stability, as thick coatings are more likely to crack and

delaminate (Cui and Martin; 2003). PEDOT coating performance is highly dependent

upon coating materials and methods. Trade-offs exist between different outcomes

and performances, for example coating thickness, CSC, and stability. This review

cannot recommend a best, or one-size-fits-all method for PEDOT electrodeposition.

In particular, differences between characterisation methods and reported values make

robust comparisons challenging, and we encourage researchers to report their methods

fully and reproducibly and to share their experimental data.
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Appendix

4.1. Characterisation method parameters

Figure 15. Reported frequency ranges for electrochemical impedance spectroscopy

(EIS) of PEDOT coated neural interfaces. The frequency ranges are plotted from the

widest to the narrowest.
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PEDOT electrodes for neural stimulation and recording 35

Figure 16. Reported voltage ranges for cyclic voltammetry (CV) of PEDOT coated

neural interfaces. The water window is indicated respectively by black intermittent

lines for PEDOT coated electrodes and grey dotted lines for Pt and PtIr substrates

(Cogan et al.; 2016).

q
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Table 2. Number of studies reporting each PEDOT coating substrate.

Substrate Au[1] Pt[2] PtIr[3] Ir[4] SS[5] Au NPs[6] ITO[7] Mg[8] Others[∗]

Study count 39 20 8 5 4 3 3 2 7

∗Others included iridium oxide (Boehler et al.; 2017), glassy carbon (Bobacka; 1999), gold nanorods
(Ganji et al.; 2018), graphite (Cysewska et al.; 2015), platinum nanograss (Boehler et al.; 2017),
platinum nanoparticles (Lu et al.; 2021) and fluorine-doped tin oxide (SnO2 − F )(Bhandari et al.;
2009).
1 Gold, Cui and Martin (2003); Xiao, Cui, Hancock, Bouguettaya, Reynolds and Martin (2004); Xiao, Cui and Martin (2004); Yang
et al. (2005); Abidian et al. (2006); Yang and Martin (2006); Abidian et al. (2007); Richardson-Burns et al. (2007); Yang et al. (2007);
Abidian and Martin (2008); Abidian et al. (2009); Abidian and Martin (2009); Jan et al. (2009); Abidian et al. (2010); Kayinamura
et al. (2010); Ludwig et al. (2011); Gerwig et al. (2012); Chen et al. (2013); Luo et al. (2013); Castagnola et al. (2014); Castagnola,
Maiolo, Maggiolini, Minotti, Marrani, Maita, Pecora, Angotzi, Ansaldo, Boffini, Fadiga, Fortunato and Ricci (2015); Mandal et al. (2014);
Castagnola, Descamps, Lecestre, Dahan, Remaud, Nowak and Bergaud (2015); Kozai et al. (2015); Mandal et al. (2015); Samba et al.
(2015); Charkhkar et al. (2016); Antensteiner and Abidian (2017); Gunapu and Vanjari (2017); Antensteiner (2018); Ganji et al. (2018);
Pranti et al. (2018); Aqrawe et al. (2019); Decataldo et al. (2019); Woeppel et al. (2019); Gunapu et al. (2020); Nikiforidis et al. (2020);
He et al. (2021); Yang et al. (2021); Teixeira et al. (2022)
2 Platinum, Yamato et al. (1995); Bobacka et al. (2000); Cui and Zhou (2007); Peng et al. (2007); Green et al. (2009, 2010); Boretius et al.
(2011); Green et al. (2011); Luo et al. (2011); Green et al. (2011); Pigani et al. (2012); Baek et al. (2014b); Green et al. (2013); Zhou et al.
(2013); Baek et al. (2014a); Boehler et al. (2017); Ouyang et al. (2017); Chhin et al. (2018); Krukiewicz et al. (2019); Xu et al. (2022)
3 Platinum/Iridium Alloy, Jan et al. (2009); King et al. (2011); Venkatraman et al. (2011); Luo et al. (2013); Kolarcik et al. (2014); Alba
et al. (2015); Bodart et al. (2019); Strauss et al. (2020)
4 Iridium, Ludwig et al. (2006); Wilks et al. (2009); Wilks (2011); Harris et al. (2012); Ouyang et al. (2017)
5 Stainless Steel, Ouyang et al. (2011); Frost et al. (2012); Qu (2017); Chapman et al. (2018)
6 Gold Nanoparticles, Lee et al. (2018); Krukiewicz et al. (2019); Lunghi et al. (2022)
7 Indium tin oxide, Nyberg et al. (2007); Ouyang et al. (2017); Popov et al. (2019)
8 Magnesium, Sebaa et al. (2013); Zhang et al. (2018)
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Table 3. Number of studies reporting each PEDOT co-ion.

Co-ion PSS[1] ClO4
[2] pTS[3]

MWCNT[4] BF4
[5] DCDPG-

YIGSR[6]

TEAP[7]

Study

count
46 20 13 6 3 3 3

Co-ion PBS[8] KCl[9] NaCl[10] DEDEDY-

FQRYLI[11]

[EMIM]

[Tf2M][12]
Dex[13] Others*

Study

count
5 2 2 2 2 2 24

∗Others included: peptide CDPGYIGSR (Xiao, Cui, Hancock, Bouguettaya, Reynolds and Martin;
2004), sulfonatoalkoxy EDOT (S-EDOT) (Xiao, Cui and Martin; 2004), PEDOT:PSS (Nyberg et al.;
2007), carbon nanotubes (CNT) (Peng et al.; 2007), lithium triflate (LiCF3SO3) (Bhandari et al.;
2009), hexafluorophosphate (PF6) (Kayinamura et al.; 2010), dihydrogenphosphate (H2PO4) (King
et al.; 2011), tetrabutylammonium perchlorate (TBAP) (King et al.; 2011), heparin (King et al.;
2011), glutamate (King et al.; 2011), human albumin (King et al.; 2011), bovine serum albumin (King
et al.; 2011), poly(d-lysine) (King et al.; 2011), biotin (King et al.; 2011), sulfate (SO4) (Harris et al.;
2012), benzenesulfonate (Baek et al.; 2014b), dodecylbenzenesulfonate (Baek et al.; 2014b), graphene
oxide (Luo et al.; 2013), azanide anion (NH2) (Ouyang et al.; 2017), perchlorate and sulfuric acid
(ClO4+H2SO4) (Popov et al.; 2019), aniline (Popov et al.; 2019), silica nanoparticles (Woeppel et al.;
2019) and no co-ion (Abidian et al.; 2006).
1 Poly(sodium 4-styrenesulfonate), Yamato et al. (1995); Bobacka (1999); Bobacka et al. (2000); Cui and Martin (2003); Xiao, Cui,
Hancock, Bouguettaya, Reynolds and Martin (2004); Cui and Zhou (2007); Richardson-Burns et al. (2007); Jan et al. (2009); Wilks et al.
(2009); Kayinamura et al. (2010); King et al. (2011); Venkatraman et al. (2011); Wilks (2011); Frost et al. (2012); Gerwig et al. (2012);
Green et al. (2012); Baek et al. (2014b); Chen et al. (2013); Luo et al. (2013); Zhou et al. (2013); Baek et al. (2014a); Castagnola et al.
(2014); Castagnola, Maiolo, Maggiolini, Minotti, Marrani, Maita, Pecora, Angotzi, Ansaldo, Boffini, Fadiga, Fortunato and Ricci (2015);
Mandal et al. (2014); Castagnola, Descamps, Lecestre, Dahan, Remaud, Nowak and Bergaud (2015); Kozai et al. (2015); Mandal et al.
(2015); Samba et al. (2015); Antensteiner and Abidian (2017); Boehler et al. (2017); Gunapu and Vanjari (2017); Ouyang et al. (2017);
Antensteiner (2018); Ganji et al. (2018); Pranti et al. (2018); Aqrawe et al. (2019); Decataldo et al. (2019); Woeppel et al. (2019); Gunapu
et al. (2020); Nikiforidis et al. (2020); Strauss et al. (2020); He et al. (2021); Lu et al. (2021); Lunghi et al. (2022); Teixeira et al. (2022);
Xu et al. (2022)
2 Perchlorate ion, Yang and Martin (2006); Abidian et al. (2007); Peng et al. (2007); Yang et al. (2007); Abidian and Martin (2008);
Abidian et al. (2009); Abidian and Martin (2009); Abidian et al. (2010); Kayinamura et al. (2010); Green et al. (2011); King et al. (2011);
Green et al. (2012); Pigani et al. (2012); Baek et al. (2014b,a); Cysewska et al. (2015); Qu (2017); Chhin et al. (2018); Nikiforidis et al.
(2020); Yang et al. (2021)
3 p-Toluenesulfonate, Green et al. (2009, 2010); Kayinamura et al. (2010); Boretius et al. (2011); Green et al. (2011); King et al. (2011);
Green et al. (2012); Harris et al. (2012); Baek et al. (2014b); Green et al. (2013); Baek et al. (2014a); Chapman et al. (2018)
4 Multi-walled carbon nanotubes, Bhandari et al. (2009); Luo et al. (2011); Zhou et al. (2013); Kolarcik et al. (2014); Alba et al. (2015);
Kozai et al. (2015)
5 Tetrafluoroborate, Kayinamura et al. (2010); Mandal et al. (2014, 2015); Charkhkar et al. (2016); Bodart et al. (2019)
6 Synthetic neuron-binding peptide DCDPGYIGSR, Cui and Martin (2003); Green et al. (2009, 2010)
7 Tetraethylammonium perchlorate, Yang et al. (2005); Ludwig et al. (2006, 2011)
8 Phosphate buffered saline solution, King et al. (2011); Ouyang et al. (2011); Krukiewicz et al. (2019)
9 Potassium chloride, Bobacka (1999); Bobacka et al. (2000)
10 Sodium chloride, Bobacka et al. (2000); King et al. (2011)
11 Anionically modified laminin peptide DEDEDYFQRYLI, Green et al. (2009, 2010)
12 1-Ethyl-3-methylimidazolium bis(trifluromethylsulfonyl)imide, Sebaa et al. (2013); Zhang et al. (2018)
13 Dextran, Lee et al. (2018); Krukiewicz et al. (2019)
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Table 4. Number of studies and methods (entries) reporting each PEDOT deposition

mode.

Deposition mode GS[1] PS[2] CV[3] GD[4]

Study count 50 28 14 2

Entry count† 383 108 45 15

† To account for studies comparing deposition modes we counted reported deposition method
combinations (entries), for example a single study of GS deposition using two different co-ions would
have study count 1, and entry count 2.
1 Galvanostatic, Bobacka (1999); Bobacka et al. (2000); Cui and Martin (2003); Xiao, Cui, Hancock, Bouguettaya, Reynolds and Martin
(2004); Xiao, Cui and Martin (2004); Yang et al. (2005); Abidian et al. (2006); Ludwig et al. (2006); Yang and Martin (2006); Abidian
et al. (2007); Cui and Zhou (2007); Richardson-Burns et al. (2007); Yang et al. (2007); Abidian and Martin (2008); Abidian et al. (2009);
Abidian and Martin (2009); Green et al. (2009); Jan et al. (2009); Wilks et al. (2009); Abidian et al. (2010); Green et al. (2010); Boretius
et al. (2011); Green et al. (2011); King et al. (2011); Ludwig et al. (2011); Luo et al. (2011); Venkatraman et al. (2011); Wilks (2011);
Frost et al. (2012); Green et al. (2012); Baek et al. (2014b); Chen et al. (2013); Green et al. (2013); Zhou et al. (2013); Baek et al. (2014a);
Castagnola et al. (2014); Kolarcik et al. (2014); Cysewska et al. (2015); Kozai et al. (2015); Antensteiner and Abidian (2017); Ouyang et al.
(2017); Qu (2017); Antensteiner (2018); Chapman et al. (2018); Pranti et al. (2018); Zhang et al. (2018); Bodart et al. (2019); Woeppel
et al. (2019); Nikiforidis et al. (2020); Strauss et al. (2020)
2 Potentiostatic, Yamato et al. (1995); Cui and Martin (2003); Peng et al. (2007); Nyberg et al. (2007); Bhandari et al. (2009); Kayinamura
et al. (2010); Ouyang et al. (2011); Harris et al. (2012); Pigani et al. (2012); Luo et al. (2013); Sebaa et al. (2013); Zhou et al. (2013);
Castagnola et al. (2014); Castagnola, Maiolo, Maggiolini, Minotti, Marrani, Maita, Pecora, Angotzi, Ansaldo, Boffini, Fadiga, Fortunato
and Ricci (2015); Kolarcik et al. (2014); Mandal et al. (2014); Alba et al. (2015); Cysewska et al. (2015); Mandal et al. (2015); Antensteiner
and Abidian (2017); Boehler et al. (2017); Gunapu and Vanjari (2017); Antensteiner (2018); Ganji et al. (2018); Aqrawe et al. (2019);
Decataldo et al. (2019); Gunapu et al. (2020); Yang et al. (2021); Teixeira et al. (2022)
3 Cyclic Voltammetry, Sebaa et al. (2013); Castagnola et al. (2014); Castagnola, Descamps, Lecestre, Dahan, Remaud, Nowak and Bergaud
(2015); Charkhkar et al. (2016); Chhin et al. (2018); Lee et al. (2018); Zhang et al. (2018); Krukiewicz et al. (2019); Popov et al. (2019);
He et al. (2021); Lu et al. (2021); Lunghi et al. (2022); Teixeira et al. (2022); Xu et al. (2022)
4 Galvanodynamic, Gerwig et al. (2012); Samba et al. (2015)

Page 38 of 59AUTHOR SUBMITTED MANUSCRIPT - JNE-105734.R1

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

A
cc

ep
te

d 
M

an
us

cr
ip

t



PEDOT electrodes for neural stimulation and recording 39

Table 5. Number of studies reporting each PEDOT co-ion concentration for 4 major

co-ions.

[Co-ion] 0.01 0.02 0.03 0.05 0.06 0.07 0.08 0.1 0.11 0.13 0.2

(M) mg/mL mg/mL

PSS 1[1] 10[2] 3[3] 4[4] 1[5] 2[6] 2[7] 18[8] 2[9] 1[10] 1[11]

ClO4 2[13] 3[14] 14[15]

pTS 1[17] 8[18] 3[19]

MWCNT

[Co-ion] 0.29 0.5 1 2 N/A

(M)

PSS 1[12] 3

ClO4 1[16]

pTS

MWCNT 3[20] 2[21] 1

- Poly(sodium 4-styrenesulfonate) (PSS) -
[1] King et al. (2011)
[2] Richardson-Burns et al. (2007); Jan et al. (2009); Venkatraman et al. (2011); Chen et al. (2013); Castagnola, Descamps, Lecestre,
Dahan, Remaud, Nowak and Bergaud (2015); Antensteiner and Abidian (2017); Ouyang et al. (2017); Ganji et al. (2018); Pranti et al.
(2018); Strauss et al. (2020)
[3] Wilks et al. (2009); Wilks (2011); Teixeira et al. (2022)
[4] Green et al. (2012); Baek et al. (2014b); Boehler et al. (2017); Gunapu et al. (2020)
[5] Castagnola, Maiolo, Maggiolini, Minotti, Marrani, Maita, Pecora, Angotzi, Ansaldo, Boffini, Fadiga, Fortunato and Ricci (2015)
[6] Castagnola et al. (2014); Lunghi et al. (2022)
[7] Castagnola, Descamps, Lecestre, Dahan, Remaud, Nowak and Bergaud (2015); Nikiforidis et al. (2020)
[8] Yamato et al. (1995); Bobacka (1999); Bobacka et al. (2000); Cui and Martin (2003); Xiao, Cui, Hancock, Bouguettaya, Reynolds and
Martin (2004); Cui and Zhou (2007); Kayinamura et al. (2010); Luo et al. (2013); Baek et al. (2014a); Mandal et al. (2014); Kozai et al.
(2015); Mandal et al. (2015); Gunapu and Vanjari (2017); Aqrawe et al. (2019); Decataldo et al. (2019); He et al. (2021); Lu et al. (2021);
Xu et al. (2022)
[9] Gerwig et al. (2012); Samba et al. (2015)
[10] Teixeira et al. (2022)
[11] Antensteiner (2018)
[12] Teixeira et al. (2022)
- Perchlorate ion (ClO4) -
[13] Yang and Martin (2006); King et al. (2011)
[14] Green et al. (2011, 2012); Baek et al. (2014b)
[15] Abidian et al. (2007); Yang et al. (2007); Abidian and Martin (2008); Abidian et al. (2009); Abidian and Martin (2009); Abidian
et al. (2010); Kayinamura et al. (2010); Pigani et al. (2012); Baek et al. (2014a); Cysewska et al. (2015); Qu (2017); Chhin et al. (2018);
Nikiforidis et al. (2020); Yang et al. (2021)
[16] Peng et al. (2007)
- p-Toluenesulfonate (pTS) -
[17] King et al. (2011)
[18] Green et al. (2009, 2010); Boretius et al. (2011); Green et al. (2011, 2012); Baek et al. (2014b); Green et al. (2013); Chapman et al.
(2018)
[19] Kayinamura et al. (2010); Harris et al. (2012); Baek et al. (2014a)
- Multi-walled carbon nanotubes (MWCNT) -
[20] Kolarcik et al. (2014); Alba et al. (2015); Kozai et al. (2015)
[21] Luo et al. (2011); Zhou et al. (2013)
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Table 6. Number of studies reporting each EDOT monomer concentration.

Concentration (M) 0.01[1] 0.02[2] 0.1[3] 0.007[4] 0.05[5] 1[6] 0.018[7] N/A Others∗

Study count 42 19 11 4 3 2 2 2 5

1Others included 0.0125 M (Kayinamura et al.; 2010), 0.015 M (Krukiewicz et al.; 2019), 0.2 M (Kozai
et al.; 2015) 0.25 M (Peng et al.; 2007) and 0.5 M (Castagnola, Maiolo, Maggiolini, Minotti, Marrani,
Maita, Pecora, Angotzi, Ansaldo, Boffini, Fadiga, Fortunato and Ricci; 2015).
[1] Yamato et al. (1995); Bobacka (1999); Bobacka et al. (2000); Cui and Martin (2003); Xiao, Cui and Martin (2004); Yang et al. (2005);
Ludwig et al. (2006); Yang and Martin (2006); Abidian et al. (2007); Cui and Zhou (2007); Richardson-Burns et al. (2007); Yang et al.
(2007); Abidian and Martin (2008); Abidian et al. (2009); Abidian and Martin (2009); Wilks et al. (2009); Abidian et al. (2010); King et al.
(2011); Ludwig et al. (2011); Ouyang et al. (2011); Wilks (2011); Harris et al. (2012); Pigani et al. (2012); Zhou et al. (2013); Castagnola
et al. (2014); Mandal et al. (2014); Cysewska et al. (2015); Kozai et al. (2015); Mandal et al. (2015); Charkhkar et al. (2016); Boehler et al.
(2017); Ouyang et al. (2017); Qu (2017); Ganji et al. (2018); Pranti et al. (2018); Aqrawe et al. (2019); Bodart et al. (2019); Decataldo
et al. (2019); Popov et al. (2019); Woeppel et al. (2019); Nikiforidis et al. (2020); Strauss et al. (2020); Lunghi et al. (2022)
[2] Xiao, Cui, Hancock, Bouguettaya, Reynolds and Martin (2004); Abidian et al. (2006); Luo et al. (2011); Gerwig et al. (2012); Luo
et al. (2013); Kolarcik et al. (2014); Alba et al. (2015); Samba et al. (2015); Antensteiner and Abidian (2017); Gunapu and Vanjari (2017);
Antensteiner (2018); Lee et al. (2017); Bodart et al. (2019); Gunapu et al. (2020); He et al. (2021); Lu et al. (2021); Xu et al. (2022)
[3] Cui and Martin (2003); Xiao, Cui, Hancock, Bouguettaya, Reynolds and Martin (2004); Bhandari et al. (2009); Green et al. (2009,
2010); Boretius et al. (2011); Green et al. (2011, 2012); Baek et al. (2014b); Green et al. (2013); Chapman et al. (2018)
[4] Nyberg et al. (2007); Venkatraman et al. (2011); Chen et al. (2013); Castagnola, Descamps, Lecestre, Dahan, Remaud, Nowak and
Bergaud (2015)
[5] Baek et al. (2014a); Chhin et al. (2018); Yang et al. (2021)
[6] Sebaa et al. (2013); Zhang et al. (2018)
[7] Castagnola, Descamps, Lecestre, Dahan, Remaud, Nowak and Bergaud (2015); Teixeira et al. (2022)

Table 7. Number of studies reporting electrochemical impedance spectroscopy (EIS)

excitation potential amplitudes.

Amplitude (mV) 5[1] 10[2] 20[3] 25[4] 30[5] 40[6] 50[7] Other[∗]

Study count 21 14 6 2 2 3 2 4

∗ Others include 1.5 mV (Teixeira et al.; 2022), 24 mV (Qu; 2017), 100 mV (Pranti et al.; 2018), and
200 mV (Lee et al.; 2018).
17 studies did not report the EIS excitation amplitude.
[1] Cui and Martin (2003); Abidian et al. (2006); Cui and Zhou (2007); Yang et al. (2007); Abidian and Martin (2008); Abidian et al.
(2009); Abidian and Martin (2009); Jan et al. (2009); Wilks et al. (2009); Abidian et al. (2010); King et al. (2011); Luo et al. (2011);
Venkatraman et al. (2011); Wilks (2011); Castagnola et al. (2014); Kolarcik et al. (2014); Gunapu and Vanjari (2017); Popov et al. (2019);
Gunapu et al. (2020); Strauss et al. (2020); Yang et al. (2021)
[2] Bobacka (1999); Bobacka et al. (2000); Boretius et al. (2011); Harris et al. (2012); Chen et al. (2013); Zhou et al. (2013); Castagnola,
Maiolo, Maggiolini, Minotti, Marrani, Maita, Pecora, Angotzi, Ansaldo, Boffini, Fadiga, Fortunato and Ricci (2015); Alba et al. (2015);
Boehler et al. (2017); Antensteiner (2018); Ganji et al. (2018); Aqrawe et al. (2018); Bodart et al. (2019); Nikiforidis et al. (2020)
[3] Luo et al. (2013); Mandal et al. (2014); Cysewska et al. (2015); Mandal et al. (2015); Charkhkar et al. (2016); He et al. (2021)
[4] Ludwig et al. (2006, 2011)
[5] Baek et al. (2014b,a)
[6] Green et al. (2009, 2010); Krukiewicz et al. (2019)
[7] Green et al. (2013); Castagnola, Descamps, Lecestre, Dahan, Remaud, Nowak and Bergaud (2015)

Table 8. Number of studies reporting electrochemical impedance spectroscopy (EIS)

bias potentials.

Potential vs OCP (V) 0 V[1] 0 V*[2] 0.01 V*[3] 0.2 V*[4] 0.4 V*[4] -0.2 V*[4] -0.4 V*[4]

Study count 18 5 2 1 1 1 1

* vs Ag|AgCl
45 studies did not report the EIS excitation amplitude.
[1] Cui and Martin (2003); Cui and Zhou (2007); Yang et al. (2007); Green et al. (2009, 2010); Luo et al. (2011); Gerwig et al. (2012); Luo
et al. (2013); Zhou et al. (2013); Kolarcik et al. (2014); Mandal et al. (2014); Cysewska et al. (2015); Mandal et al. (2015); Boehler et al.
(2017); Ganji et al. (2018); Krukiewicz et al. (2019); Gunapu et al. (2020); Yang et al. (2021)
[2] Bobacka et al. (2000); Peng et al. (2007); Harris et al. (2012); Bodart et al. (2019); Popov et al. (2019)
[3] Ouyang et al. (2017); Qu (2017)
[4] Bobacka et al. (2000)

Page 40 of 59AUTHOR SUBMITTED MANUSCRIPT - JNE-105734.R1

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

A
cc

ep
te

d 
M

an
us

cr
ip

t



PEDOT electrodes for neural stimulation and recording 41

Table 9. Number of studies reporting cyclic voltammetry (CV) sweep rates.

Sweep rate (mV/s) 10[1] 50[2] 100[3] 120[4] 150[5] 200[6] 500[7] 1000[8] Others∗

Study count 4 9 33 3 4 2 2 5 6

∗Others included 5 mV/s (Bhandari et al.; 2009), 25 mV/s (Bobacka et al.; 2000), 30 mV/s (Popov
et al.; 2019), 40 mV/s (Cysewska et al.; 2015), 70 mV/s (Popov et al.; 2019), 250 mV/s (Popov et al.;
2019).
2 studies did not report the CV sweep rate.
[1] Bobacka et al. (2000); Xiao, Cui and Martin (2004); Richardson-Burns et al. (2007); Frost et al. (2012)
[2] Bobacka et al. (2000); Wilks et al. (2009); Wilks (2011); Pigani et al. (2012); Zhou et al. (2013); Castagnola, Descamps, Lecestre,
Dahan, Remaud, Nowak and Bergaud (2015); Lee et al. (2018); Popov et al. (2019); Lunghi et al. (2022)
[3] Yamato et al. (1995); Bobacka et al. (2000); Cui and Martin (2003); Xiao, Cui, Hancock, Bouguettaya, Reynolds and Martin (2004);
Yang et al. (2005); Abidian et al. (2006); Yang and Martin (2006); Cui and Zhou (2007); Peng et al. (2007); Richardson-Burns et al.
(2007); Abidian and Martin (2008, 2009); Jan et al. (2009); Abidian et al. (2010); King et al. (2011); Luo et al. (2011); Ouyang et al.
(2011); Gerwig et al. (2012); Harris et al. (2012); Castagnola, Maiolo, Maggiolini, Minotti, Marrani, Maita, Pecora, Angotzi, Ansaldo,
Boffini, Fadiga, Fortunato and Ricci (2015); Samba et al. (2015); Gunapu and Vanjari (2017); Ouyang et al. (2017); Antensteiner (2018);
Chhin et al. (2018); Pranti et al. (2018); Aqrawe et al. (2018); Bodart et al. (2019); Popov et al. (2019); Woeppel et al. (2019); Gunapu
et al. (2020); Nikiforidis et al. (2020); Yang et al. (2021)
[4] Green et al. (2009); Baek et al. (2014b,a)
[5] Green et al. (2011, 2012, 2013); Popov et al. (2019)
[6] Bobacka et al. (2000); Popov et al. (2019)
[7] Venkatraman et al. (2011); Chen et al. (2013)
[8] Wilks et al. (2009); Venkatraman et al. (2011); Alba et al. (2015); Strauss et al. (2020); Teixeira et al. (2022)

Table 10. Number of studies reporting current pulse (CP) polarity used for charge

injection capacity (CIC) measurements.

Cathodic First[1] Anodic First[2]

Study count 15 5

Entry count 86 30

† To account for studies comparing several deposition methods we counted reported deposition method
combinations (entries), for example a single study using two different co-ions would have study count
1, and entry count 2.
1 Cui and Zhou (2007); Jan et al. (2009); Wilks et al. (2009); Luo et al. (2011); Venkatraman et al. (2011); Green et al. (2012, 2013); Zhou
et al. (2013); Pranti et al. (2018); Aqrawe et al. (2018); Bodart et al. (2019); Woeppel et al. (2019); Gunapu et al. (2020); Nikiforidis et al.
(2020); Strauss et al. (2020); Teixeira et al. (2022); Xu et al. (2022)
2 Bobacka (1999); Green et al. (2011); Gerwig et al. (2012); Zhou et al. (2013); Mandal et al. (2015)

Table 11. Number of studies reporting current pulse (CP) pulse width used for charge

injection capacity (CIC) measurements.

Pulse width (µs) 100[1] 200[2] 300[1] 400[1] 500[3] 600[1] 700[1] 800[1] 1000[4] Others∗

Study count 3 7 3 3 6 3 3 3 6 3

∗ Others include 90 µs (Bodart et al.; 2019), 5 ms (Gunapu et al.; 2020), 60 s (Bobacka;
1999).
[1] Green et al. (2011, 2012, 2013)
[2] Wilks et al. (2009); Green et al. (2011, 2012, 2013); Zhou et al. (2013); Pranti et al. (2018); Nikiforidis et al. (2020)
[3] Jan et al. (2009); Green et al. (2011); Gerwig et al. (2012); Green et al. (2012, 2013); Strauss et al. (2020); Teixeira et al. (2022)
[4] Cui and Zhou (2007); Luo et al. (2011); Venkatraman et al. (2011); Mandal et al. (2015); Aqrawe et al. (2019); Woeppel et al. (2019);
Xu et al. (2022)
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Table 12. Number of studies reporting current pulse (CP) interpulse delay used for

charge injection capacity (CIC) measurements.

Interpulse delay (µs) 200[1] 100[2] 50[3] 20[4] 10[5]

Study count 2 1 1 1 1

13 studies did not report an interpulse delay.
[1] Jan et al. (2009); Woeppel et al. (2019)
[2] Bodart et al. (2019)
[3] Pranti et al. (2018)
[4] Luo et al. (2011)
[5] Green et al. (2012)
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