
Tailoring Electropolymerized
Poly(3,4-ethylenedioxythiophene)

Films for Oxygen Reduction Reaction

Item Type Article

Authors Nayak, Prem D.; Ohayon, David; Wustoni, Shofarul; Inal, Sahika

Citation Nayak, P. D., Ohayon, D., Wustoni, S., & Inal, S. (2021). Tailoring
Electropolymerized Poly(3,4-ethylenedioxythiophene) Films for
Oxygen Reduction Reaction. Advanced Materials Technologies,
2100277. doi:10.1002/admt.202100277

Eprint version Post-print

DOI 10.1002/admt.202100277

Publisher Wiley

Rights Archived with thanks to Wiley

Download date 23/05/2023 20:33:24

Link to Item http://hdl.handle.net/10754/669778

http://dx.doi.org/10.1002/admt.202100277
http://hdl.handle.net/10754/669778


 1 

Tailoring Electropolymerized Poly(3,4-ethylenedioxythiophene) Films for Oxygen 

Reduction Reaction 

Prem D. Nayak1, David Ohayon1, Shofarul Wustoni1, Sahika Inal1* 

1Organic Bioelectronics Laboratory, Biological and Environmental Science and Engineering 

Division, King Abdullah University of Science and Technology (KAUST), Thuwal 23955-6900, 

Saudi Arabia. 

*Corresponding Author: sahika.inal@kaust.edu.sa 

Abstract 

Oxygen reduction reaction (ORR) is a critical process for several electrocatalytic and 

photocatalytic devices. Poly(3,4-ethylenedioxythiophene), PEDOT, is an efficient ORR catalyst, 

with hydrogen peroxide (H2O2) being the primary reaction product. Although H2O2 is a green fuel 

for batteries and fuel cells and used as an industrial oxidant, it is toxic for living systems. As such, 

its production should be limited when PEDOT films are used in bioelectronic devices. In this work, 

we investigated the ORR behavior of a series of electropolymerized PEDOT films. By varying the 

counterion (monomeric vs. polymeric), including a hydroxyl-terminated EDOT monomer in the 

polymer architecture, or adding a conductivity enhancer in the reaction mixture, we aimed to 

understand the parameters governing the ORR properties. We found that the polymer’s pristine 

doping level – influenced by counterion type and the presence of the conductivity enhancer – 

controls the ORR pathway in PEDOT films. High levels of intrinsic doping led to films with H2O2 

as the major ORR product. This work suggests strategies for the design of conducting polymers 

with optimized performance for electrocatalytic applications and minimized production of harmful 

chemicals for bioelectronic devices.  
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Introduction 

Electrocatalytic oxygen reduction reaction (ORR) is one of the most common processes in energy 

storage and conversion devices such as fuel cells and metal-air batteries. In acidic and neutral 

aqueous solutions, an electrode can reduce oxygen (O2) either indirectly by the transfer of two 

electrons (I) or directly using four electrons (II):[1] 

O2 + 2H+ + 2e- → H2O2                   (I) 

O2 + 4H+ + 4e- → 2H2O                  (II) 

Platinum (Pt) is the most widely used ORR electrode material in electrocatalytic energy devices 

due to its high ORR kinetic rate.[2] However, Pt’s high cost, easy poisoning (due to carbon oxide 

intermediates), and low abundance have prevented the large-scale adaptation of these technologies 

and motivated researchers to look for alternative materials.[3] Organic electronic materials, such as 

graphene,[1,4] the small molecule perylenetetracarboxylic diimide,[5] or conjugated polymers like 

poly(3,4-ethylenedioxythiophene), PEDOT,[6] and poly(benzimidazobenzophenanthroline), 

BBL,[7] are potential ORR catalysts that can overcome the challenges laid by Pt. Among these 

materials, PEDOT exhibits high electrical conductivity, processability, transparency, flexibility, 

and biocompatibility.[8] Due to these properties, PEDOT is routinely used in a plethora of 

applications, including organic circuits, solar cells, batteries, capacitors and biosensors,[8] and in 

some of these applications, the material has direct exposure to air and/or oxygen. PEDOT synthesis 

is versatile, relatively easy and proceeds at low temperatures,[8] while generating films with ORR 

rates competitive to Pt.[9] Along with the commercial availability of the EDOT monomer, its 

consistently decreasing price (60 USD kg−1)[6] promises for low-cost devices based on PEDOT. 

All these properties have rendered ORR conveyed by PEDOT a topic extensively investigated for 
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metal-air batteries,[10] all-polymer batteries,[11] enzymatic fuel cells,[12] and H2O2 synthesis.[6,9] 

PEDOT is also the workhorse material of organic bioelectronics, where the polymer based 

electrodes or transistors are used at the interface with aqueous biological media to sense or 

stimulate biological events.[13] For these applications, however, ORR is unwanted as PEDOT 

derivatives were found to generate H2O2 via path (I).[6,14] While H2O2 is an important industrial 

chemical and generally considered as a green oxidant,[15] it is harmful to biological tissues,[16–18] 

and interferes with the stability of bioelectronic devices.[19] These concerns demand further 

exploration of PEDOT’s catalytic properties and ORR pathways in physiological media, and 

whether it involves H2O2 and under which conditions.  

Winther-Jensen et al. observed for the first time in 2008 that PEDOT synthesized by vapor phase 

polymerization catalyzed a reaction (II) based (four electrons) ORR.[20] However, it was later 

found that the film had  iron (Fe(III)) oxide residues on the electrode, influencing the ORR activity 

and reaction path.[21] Nonetheless, research has since shown that standalone PEDOT without metal 

residues can also show ORR activity.[9,11] Additionally, a recent study found that for PEDOT films 

stabilized by the polyanion poly(sodium 4-styrenesulfonate), namely PEDOT:PSS, whether they 

are electropolymerized, chemically polymerized, or acquired from a commercially available 

source, ORR always proceeds via path (I), producing  H2O2 as the primary product.[6] Although 

earlier modeling studies did not explain the ORR preference of PEDOT towards path (I),[22] a 

recent theoretical work by Gueskine et al. predicts that the “outer-sphere” electron transfer is a 

viable mechanism.[23] Outer-sphere mechanism refers to a path where the H2O2 intermediates are 

loosely bound to the polymer during ORR and their desorption rate is faster than their 

electroreduction to water, thus resulting in a higher proportion of H2O2 formed. [22] These studies 

to understand the molecular level mechanisms of ORR in PEDOT are important to control 
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electrocatalytic properties of PEDOT. However, along with these studies, a concerted effort to 

understand the changes in ORR properties brought about by variations in PEDOT formulation is 

necessary to build structure-ORR functionality relationships and tailor the film’s electrocatalytic 

properties. While the effect of varying counterions additives and monomers on the PEDOT film 

properties such as surface morphology, electrical and mechanical properties have been intensively 

investigated,[8] their effect on ORR needs further warranty. For instance, it is unknown whether 

the film’s conductivity has an impact on ORR pathways considering that ORR for PEDOT 

typically takes place at cathodic potentials, where the film is de-doped.[9] Moreover, different 

applications not only necessitate enhanced (e.g. fuel cells)[12] or inhibited (e.g. bio-sensors)[19] 

ORR currents, but also rely on the type of the ORR path taken (e.g. enzymatic fuel cells).[12] 

Therefore, to gain control over ORR in PEDOT derivatives, one needs to understand the 

contributions of paths (I) and (II) on the ORR activity, the H2O2 production, the voltage 

dependence of ORR onset, as well as the origin of these variabilities. 

To address some of these aspects, we investigated the ORR behavior of a series of PEDOT films 

that we electropolymerized. We studied the effect of the following situations on the ORR ability 

of the films  in a  physiological medium: (i) incorporation of a hydroxymethyl derivative (OH) of 

EDOT (EDOTOH) in the chemical composition, (ii) the use of a polymeric counterion (PSS) 

versus a monomeric one (lithium perchlorate, ClO4), and (iii) the inclusion of a conductivity 

promoter, ethylene glycol (EG),[24–26] in the reaction mixture. While all films proceeded ORR 

preferentially through path (I), in accord with the current consensus in PEDOT ORR literature, we 

observed noticeable differences in the number of electrons consumed by each oxygen molecule 

based on the films’ composition. These differences were most prominent for the films comprising 

different counterions and those that were prepared from EG containing formulations. We did not 
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discern any differences in the ORR pathway based on the monomer used (EDOT or EDOTOH), 

suggesting that the hydroxymethyl groups introduced on the polymer backbone have no particular 

effect on PEDOT’s ORR. However, when EDOTOH was copolymerized with EDOT, the resulting 

film showed a higher proportion of ORR proceeding via path (II). We hypothesized that doping 

levels of the films influenced the ORR pathway, which we investigated using UV-Vis absorption 

and Raman spectroscopy and found a correlation between the doping level and path (I) occurrence. 

Our work suggests guidelines for how to gain control over ORR products of PEDOT based films 

in physiological media and provides insights on the general composition-ORR performance 

relationship for PEDOT films operating at the electrolyte interface. 

 

Materials and Methods 

Materials 

3,4-ethylenedioxythiophene (EDOT), hydroxymethyl EDOT (EDOTOH), lithium perchlorate 

(LiClO4), poly(sodium 4-styrenesulfonate) (PSS, Mw ~70.000), and ethylene glycol (EG) were 

purchased from Sigma-Aldrich and used as received.  

Electropolymerization 

For the preparation of homopolymers, 10 mM solution of EDOT or EDOTOH in deionized (DI) 

water was mixed with either 100 mM LiClO4 or 0.8 wt% PSS (with respect to total solvent weight). 

For the copolymers, we used the same amounts of the counterions mixed with 5 mM solutions of 

each monomer in DI water. Some of these solutions contained 5 wt% of EG (with respect to the 

total monomer weight). All solutions were mixed using sonication (30 minutes) and vortexing 

prior to electropolymerization. Before we started the electropolymerization with 2 mL of reaction 

mixtures, we have cleaned the rotating disk glassy carbon electrode (diameter = 0.55 mm, 0.237 
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mm2) using a polishing kit (Pine research). Polymers were then electropolymerized on the rotating 

disk by chronocoulometry at 1 V vs. Ag/AgCl using a potentiostat/galvanostat (VSP-300, 

BioLogic, Science Instruments). A clean Pt wire (RE-1B, ALS Co. Ltd) was used as the counter 

electrode. The charge injection limit was set as 30 mC. Once the polymerization was over, we 

rinsed the polymer-coated electrodes with DI water and dried them with N2 gas. A Dektak stylus 

profilometer was used to measure the thickness of each polymer film prepared with the same 

method on a gold conducting substrate. 

Electrochemical Measurements 

A potentiostat/galvanostat (VSP-300, BioLogic, Science Instruments) was used to record cyclic 

voltammograms. All measurements were conducted in 1X PBS (pH = 7.4) using an Ag/AgCl 

electrode (3 M KCl, ALS Co. Ltd) and a Pt wire (RE-1B, ALS Co. Ltd) as a reference and counter 

electrodes, respectively. Measurements were conducted in N2-rich and O2-rich solutions provided 

by bubbling the respective gas in the electrolyte for at least 30 minutes. A gas blanket was then 

maintained above the electrolyte during the measurements to ensure constant and stable conditions.  

For the rotating ring-disk electrode (RRDE) experiments, the film on the rotating disk glassy 

carbon electrode was attached to a rotating shaft, which was connected to the bi-potentiostat (VSP-

300, BioLogic, Science Instruments). The disk and ring electrodes were connected to the two 

working electrode channels of the bi-potentiostat, and an Ag/AgCl electrode and a Pt wire inside 

a glass frit acted as the common reference and counter electrodes, respectively. Linear sweep 

voltammograms (LSVs) were recorded between 0 V and -1.1 V vs. Ag/AgCl at 5 mV/s of scan 

rate with a rotation speed of 1200 RPM in a gas (N2 or O2) saturated environment. While we were 

recording the LSVs, we used a gas blanket to maintain the conditions and avoid disturbances. 

During the measurements, the ring was kept at a constant (H2O2 oxidizing) voltage of 0.7 V vs. 
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Ag/AgCl. All RRDE measurements were conducted in 1X PBS (pH = 7.4). We performed the 

same experiments with a bare glassy carbon RRDE for control. 

ORR Evaluation 

To determine the ORR pathway, we calculated the effective number of electrons participating in 

ORR for each voltage at a rotation speed of 1200 rpm using an analytical model described 

elsewhere.[27,28] Based on this model, the apparent electron transfer number (n), which can be 

referred to as the average number of electrons consumed by each oxygen molecule, is given by: 

𝑛 =
4|𝐼𝑑𝑖𝑠𝑘|𝑁

|𝐼𝑑𝑖𝑠𝑘|𝑁+ 𝐼𝑟𝑖𝑛𝑔
                                                     (equation 1) 

where Idisk is the disk current, N is the collection efficiency of the ring electrode (measured as 0.37 

using the process described by the manufacturer), and Iring is the current generated by the ring 

electrode. Iring arises from the oxidation of H2O2 hydrodynamically pushed from the disk electrode 

as it rotates. N determines how much of the H2O2 produced by the disk is oxidized by the ring 

electrode. An n value close to 2 means 100% reaction path (I), and n close to 4 signifies 100% 

reaction path (II).[27] 

For quantitative hydrogen H2O2 measurements, we collected 200 μL samples from the electrolyte 

every 10 minutes during chronoamperometry at -1 V vs. Ag/AgCl or at a predetermined current 

during chronopotentiometry while the disc electrode was rotated at 1200 RPM. Pt counter 

electrode was placed inside a glass frit. H2O2 concentration in each aliquot was then determined 

using the H2O2 assay kit (MAK311-1KT Peroxide assay kit Sigma-Aldrich). 

UV-VIS spectroscopy 

Polyethylene terephthalate (PET) substrates were cleaned in DI water and isopropyl alcohol (IPA). 

We sputtered 10 nm of Cr and 20 nm of Au on these substrates to generate a transparent conductive 
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surface. Polymers were then electropolymerized on the substrates using chronocoulometry 

following the procedure described above. This time, the charge limit was set to 25 mC to achieve 

a thinner and, thus, more transparent film. To measure the absorption spectra of these films, we 

used Ocean optics UV-VIS spectrometer (350 nm-1150 nm) a spectroelectrochemistry cell 

(Redox.me). A potentiostat/galvanostat VSP-300, BioLogic, Science Instruments was connected 

to the cell for conducting electrochemistry. To generate O2 or N2 saturated conditions, we bubbled 

the 1X PBS electrolyte that the film was immersed into with the respective gas for at least 30 

minutes before the experiments. The electrolyte was then pumped into the spectroelectrochemistry 

cell using a syringe pump at 30 μL/s. 

Raman Spectroscopy 

A glass wafer was cleaned using sonication in three solvents, DI water, acetone, and IPA, for 15 

minutes in each solvent. After drying the wafers, we sputtered first a Cr layer (10 nm) and then Au 

layer (100 nm) on them. The polymers were then electropolymerized following the procedure 

described above, except that the polymerization continued until 130 mC of charge was passed. We 

used a higher charge limit to obtain thicker films to mask a possible contribution from the 

underlying substrate. Raman spectra for all the electropolymerized polymers were collected using 

a WITec Apyron Raman Spectrometer equipped with a 532 nm laser and 50x Zeiss lens. 

Resonance Raman signals can be recorded when excitation wavelength used is close to electronic 

transition in the studied material.[29] We used an excitation wavelength of 532 nm laser to acquire 

high-intensity Raman signals due to resonance with the π-π* transition at ca. 550 nm. A 300 g/mm 

grating was used. The integration time was kept at 1 sec, and the data was obtained from 10 spectra 

accumulations. We did baseline correction using the “WITec Five” software. We analyzed the 

spectra by fitting the curves using Origin Pro software using fit parameters reported in ref [30]. A 
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fit routine in Origin Pro called PsdVoigt1 allowed a combination fitting by assigning weights to 

Gaussian and Lorentzian components. We used an mμ (weight of Lorentzian component out of 10 

parts) value of 2 to ensure 20% Lorentzian and 80% Gaussian distribution.[30]  

Photo Electron Spectroscopy in Air (PESA) 

Ionization potentials of electropolymerized materials on Au sputtered poly(methylmethacrylate) 

(PMMA) substrates were obtained by conducting PESA measurements using Hitachi AC-2 

instrument. The results reported are an average over measurements from 3 areas of the film.  

X-ray Photoelectron Spectroscopy 

We used X-ray photoelectron spectroscopy (XPS) to evaluate the chemical composition of 

PEDOT:PSS and PEDOT:ClO4 films. XPS was carried out using a KRATOS Analytical AMICUS 

instrument equipped with an Al Kα X‐ray source (1468.6 eV). The source operated at a voltage of 

10 kV and a current of 10 mA generated a power of 100 Watts. The high‐resolution XPS spectra 

were acquired with a step of 0.1 eV under 10-7 high-pressure vacuum. 

Fourier Transform Infrared Spectroscopy (FT-IR) 

The Fourier transform infrared (FTIR) spectra were recorded in the range 550-4000 cm-1 at room 

temperature using Thermo Scientific Nicolet iS10. Attenuated total reflection (ATR) FTIR mode 

was used to obtain the reflectance infrared spectra of the polymer film. We signal‐averaged 32 

scans to form a single spectrum, which was then displayed in terms of transmittance. 
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Results and Discussion 

Electrochemical Characterization and ORR performance 

We electropolymerized PEDOT films on glassy carbon electrodes using a combination of 

monomers (EDOT and EDOTOH), counterions (PSS, ClO4), and the solvent additive, EG. We 

electropolymerized four homopolymers: PEDOT:ClO4, PEDOT:PSS, PEDOTOH:ClO4, and 

PEDOTOH:PSS (Figure 1a); and four copolymers: p(EDOT-ran-EDOTOH):ClO4 and p(EDOT-

ran-EDOTOH):PSS, and their analogs that were prepared in the presence of EG in the reaction 

mixture, namely, p(EDOT-ran-EDOTOH):ClO4 (EG) and p(EDOT-ran-EDOTOH):PSS (EG) 

(Figure 1b). Various applications use PEDOT derivatives in a thin film form.[31] We chose 

electropolymerization as the synthesis technique as we could form PEDOT films free of any 

residual catalysts known to influence ORR.[14,32] To deposit the films, we adopted a potentiostatic 

approach. Instead of a time-dependent potentiostatic deposition, we used chronocoulometry to 

limit the charge consumption at the working electrode in order to control the number of meric 

units.[33] As such, we could fix the amount of material deposited for each polymer. We used DI 

water as the reaction solvent to promote a green synthetic process. During the polymerization, the 

working electrode was held at a positive potential of 1V vs Ag/AgCl, and film deposition occurred 

through the formation of a positively charged EDOT ionomer as the monomer lost an electron. 

The negative charge supplied by the counter anion stabilized the ionomer.[34] Figure S1 show the 

high-resolution C 1s and O 1s XPS spectra which confirmed the presence of carbon and oxygen 

elements in the polymerized PEDOT:PSS and PEDOT:ClO4 films. Moreover, the high-resolution 

S 2p spectra display that the PSS peak at ca. 169 eV only appeared when the polymer was doped 

with PSS and was absent in the polymer doped with ClO4. The Cl 2p spectra, on the other hand, 

prove the existence of Cl-O peaks from ClO4 anions exclusively in the PEDOT:ClO4 films. We 
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also carried out FT-IR analysis to validate the polymerization.[35] In the FT-IR spectra (Figure S2), 

the vibration bands at 1525 cm-1 and 1360 cm-1 were attributed to the stretching mode of C=C and 

inter-ring stretching mode of C-C in the thiophene chains, respectively. We can also observe the 

characteristic band of stretching vibration of the C-S-C bond of the thiophene chains at 698 cm-1, 

844 cm-1 and 983 cm-1. All these FTIR features confirm the successful formation of PEDOT films 

upon electropolymerization.[36] 

During the course of our electrochemical measurements, all polymer films were stable, i.e., 

showing no delamination, except PEDOTOH:PSS.  Figure 1c-d shows the cyclic voltammograms 

(CVs) of the polymers recorded in N2-saturated and O2-saturated PBS. The voltammograms were 

acquired at the negative regime (<0 V) as PEDOT is known to undergo ORR when it is (at least 

partially) de-doped to its poorly conducting state.[9] The presence of O2 in the media affects the 

shape of the voltammograms, and a reduction peak at ca. -0.4 V vs. Ag/AgCl appears in O2-

saturated PBS. When moving towards more positive voltages vs. Ag/AgCl, this peak has no 

oxidation correspondence within the potential range studied. Thus, we attribute the reduction 

current at ca. -0.4 V to the reduction of O2 by the polymer films.  
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Figure 1. Chemical structures of PEDOT based a) homopolymers and b) copolymers. Thickness 

normalized cyclic voltammograms of the c) homopolymers and d) copolymers recorded in O2- and 

N2- saturated PBS. The scan rate was 10 mV/s. Arrows indicate the scan direction. All electrodes 

had an area of 0.237 mm2. 
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Investigating the CVs further, we observe subtle trends with a change of the counterion, monomer, 

or EG addition in the reaction mixture. First, for the CV curves in O2 -saturated electrolyte, ClO4 

stabilized films have slightly earlier reduction onset than the ones comprising PSS (Figure 1c). 

The reduction peak, on the other hand, occurs at similar voltages for all films, that is, ca. -0.4 V 

vs. Ag/AgCl. PSS stabilized films have larger reduction currents compared to ClO4 stabilized ones. 

For the copolymers, this effect of the counterion on the CV profile remains valid, although less 

pronounced (Figure 1d). Overall, PSS-containing films afford higher ORR currents, which may 

be due to the local acidity of sulfonic acid groups located on the film surface (see the XPS spectra 

of selected films in Figure S1). Second, when going from N2- to O2-saturated PBS, the CV of 

PEDOT:ClO4 displays more significant changes compared with that of PEDOTOH:ClO4 (Figure 

1c). Lastly, for the copolymers, addition of EG changes the shape of the CVs, but only when the 

copolymer is stabilized with PSS (Figure 1d). Here, the PSS stabilized film, p(EDOT-ran-

EDOTOH):PSS(EG), exhibits the largest reduction peak currents. 

Cyclic voltammetry measurements evidenced that all polymers undergo ORR, however, it did not 

reflect on the values of ORR-attributable current at different voltages. This observation might be 

because O2 is exhausted around the electrode during a voltammetry cycle. The RRDE method 

bypasses this problem by introducing convection, ensuring a constant supply of O2 near the 

working electrode. We, therefore, performed RRDE measurements and compared the reduction 

currents at different voltages and the tendency of each polymer to perform ORR via reaction (I) 

and/or (II). The ring and disk currents were recorded as the voltage was swept linearly for the disk 

electrode in the ORR region. The ring electrode was held at a constant potential (0.7 V vs. 

Ag/AgCl) to oxidize possibly formed H2O2.  
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First, we compared the thickness normalized disk currents generated by each film, summarized in 

Table S1. In near-onset (-0.4 V vs. Ag/AgCl) and mixed-control regimes (-0.6 V vs. Ag/AgCl), 

PSS-based formulations display larger currents than their ClO4 counterparts do. These differences 

become less obvious in the mass transfer limited-regime (-1 V vs. Ag/AgCl). Next, we compared 

the ORR reaction paths taken leading to these currents. To do so, we estimated the number of 

electrons transferred to each O2 molecule (n) using equation 1 (see Materials and Methods). 

Physically valid values of n lie between 2 and 4, where n = 2 signifies 100% reaction path (I) and 

n = 4 signifies 100% reaction path (II). Finally, any n values between 2 and 4 corresponds to a 

mixed pathway. We plot heat maps in Figure 2, which shows the n values obtained as a function 

of voltage on the disk electrode. A table of n values is presented in Table S2.  

 
Figure 2. Potential dependent heat map presenting the number of electrons used to reduce each O2 

molecule (n) during a linear sweep voltammogram. The data were recorded for polymer-coated 

glassy carbon electrodes rotated at 1200 rpm. The scan rate was 5 mV/s.  
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Figure 2 shows that all our polymers have a preference towards the H2O2 formation pathway 

(reaction (I)) as n values remained between 2.16 and 2.8. We note an increase in n, proportion of 

reaction (II), as the potential becomes more negative. Our first observation is that PSS as the 

counterion leads to ORR with an increased tendency towards the reaction path (I) (n = 2) as 

compared to ClO4 for all polymer groups. Second, ORR in PEDOT has been proposed to follow a 

reaction path involving the chemisorption of OOH species and protons to the backbone β-

carbons[6]. We thus expected the presence of the polar methanol group in EDOTOH to affect the 

strength of this chemisorption step by inducing steric hindrances during ORR, but this was not the 

case: the ORR path of PEDOTOH:ClO4 is comparable to PEDOT:ClO4 as differences in n are only 

marginal (n values of 2.68 and 2.62 for PEDOT:ClO4 and PEDOTOH:ClO4 respectively, at -1 V 

vs. Ag/AgCl). Hydroxymethyl group has minimal to no effect on the ORR properties in PEDOT 

homopolymers studied. 

A comparison between the n values of homopolymers and copolymers shows that copolymers 

(without EG) produce a smaller proportion of H2O2 during ORR. As for the counterion type in 

copolymers (with or without EG), the differences in n values are only minimal. Therefore, the 

presence of EDOTOH in the copolymers not only reduces the differences in n values and ORR 

currents brought about by counterions (as observed for homopolymers), but also shifts the ORR 

path where a lesser proportion of H2O2 is produced. Finally, EG leads to polymer with higher n 

values. Additionally, even though the polymers displayed a less pronounced path (I) as the applied 

voltage becomes more negative, the change in n over the voltage change is not the same amongst 

the polymers. To better visualize the differences, we calculated the change in n values with change 

in voltage. We found that when ClO4 is used, n increases more with reducing voltages (Figure 
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S3). The use of ClO4 as the counterion not only favors the ORR towards reaction path (II), but also 

moves towards reaction path (II) at a faster rate as voltages become more reducing. 

To verify these findings, we analyzed the electrolyte for the H2O2 content as the films were reduced 

at -1 V vs. Ag/AgCl (chronoamperometry). We found that PEDOT:PSS produced 121.55 μM of 

H2O2 while p(EDOT-ran-EDOTOH):ClO4 produced only 105 μM at the end of 60 minutes 

(Figure 3). Additionally, to check the H2O2 concentrations at normalized currents, we performed 

chronopotentiometry at -0.28 mA for both polymers until 60 minutes and realized similar trends 

(Figure S4a). These results as well as the Faradaic yields calculated at different time points for 

these two polymers (Figure S4b) agree with the calculated n values shown in Figure 2. 

 

Figure 3. The concentration of H2O2 produced by two polymer films showing the largest 

differences in n. The electrodes were rotated at 1200 RPM, biased at -1 V vs. Ag/AgCl and the 

electrolyte was saturated with O2.  

 

Optical and Physicochemical Characterization  

To understand the differences in the ORR behavior of our polymers, we first recorded the UV-VIS 

absorption spectra of the films immersed in N2- or O2-saturated PBS, biased at 0 V vs. Ag/AgCl. 

The spectrum of PEDOT:PSS is identified with three regions: the neutral π-π* absorption appears 
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around 450-620 nm, the polaron absorption is in the 700-850 nm range, and the bipolaronic 

absorption sets in beyond 900 nm.[37] The higher the intensity of the polaron and bipolaron 

peaks/bands, the larger is the level of doping in the film. The spectra displayed in Figure 4a reveals 

that the polymer films show differences in their doping state. For example, independent of the 

monomer type, both homo and copolymers exhibit the π-π* absorption peak at around 550 nm 

when stabilized with ClO4 counterion. We, however, do not see this peak when the counterion is 

PSS. Instead, a broad peak centered around 700 nm range is visible.  

To quantify the extent of these differences, we used Raman spectroscopy with an excitation 

wavelength matching that of the π-π* transition. The most intense Raman peaks of PEDOT arise 

from the symmetric Cα=Cβ stretching vibration (ca. 1444 cm-1) and the shape of the spectrum in 

this region varies with the polymer type (Figure 4b). Comparing ClO4 and PSS counterparts of 

PEDOT, we see a shift of the Cα=Cβ stretching vibration in the ClO4 based polymer towards lower 

wavenumber, from 1444 cm-1 to 1440 cm-1. The direction of these shifts resulting from the 

counterion change is the same for the copolymers, including the EG containing formulations. We 

do not observe any significant shifts in other Raman peaks apart from the symmetric (ca. 1440 cm-

1) and asymmetric (ca. 1503 cm-1) Cα=Cβ stretching vibrations, suggesting minor structural 

differences between the polymers studied (Table S3).  
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Figure 4. a) UV-Vis spectra of the polymers biased at 0 V vs. Ag/AgCl in N2-saturated PBS. 

Highlighted areas indicate π-π* transition (450-620 nm) and polaron absorption (700-850 nm) 

regions. b) Raman spectra and representative fits of the polymer films excited using a 532 nm 

laser. Dotted lines show the peak positions attributed to symmetric Cα=Cβ vibrations at ca.1444 

cm-1. The peak at ca. 1444 cm-1 is deconvoluted into two components, representing the neutral 

(purple) and doped (green) portions of the polymer. Other deconvoluted peaks in the region are 

shown in black dashed lines. 

 

The symmetric Cα=Cβ peak can be deconvoluted into two components, that are Cα=Cβ neutral 

(1413.5 cm-1) and Cα=Cβ doped (1444.5 cm-1), with a fitting procedure described by Chu and 

coworkers (see Methods).[30] The intensity ratio of these peaks is a footprint of the film’s intrinsic 

conductivity at open circuit conditions/as synthesized.[29,30,38] The fits are shown in Figure 4b, and 

the results are presented in Figure 5 along with the n values. Figure 4 shows that all PSS stabilized 
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polymers have higher intrinsic doping levels than ClO4 comprising ones, agreeing with the 

differences observed in UV-VIS. Furthermore, PEDOTOH:ClO4 is more doped than PEDOT:ClO4 

and the presence of EG in the reaction mixture led to copolymers with higher doping levels. As 

the doping level increases, n decreases (Figure 5), thus proportion of H2O2 as the ORR product 

increases. Our observation of higher difference in n values between ClO4 and PSS counterparts of 

homopolymers compared to copolymers also relates well with the difference in their doping 

values. The differences in doping values therefore reflect the changes observed in the n values for 

all the polymers studied.  

 

Figure 5. Doping levels of the polymers calculated from the Raman fits shown in Figure 4b. The 

plot also shows the number of electrons consumed per O2 at -1 V vs. Ag/AgCl. Error bars are 

averaged over at least 5 measurements in 3 samples. 

Lastly, we sought to understand whether the ionization potentials (IPs) govern the ORR pathway. 

A few reports show that ORR activity in a conjugated polymer is dictated by its energetics and a 
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polymer with IP more than 5 eV would not show any ORR activity.[19,39,40]  Figure S5 shows that 

the IPs of all polymers were similar and between 4.72 eV and 4.84 eV.  With these IP values, all 

our polymers studied are indeed capable of ORR at reducing voltages. Our results, however, do 

not display any trend or particular relationship between the energy levels of the polymers and the 

mechanism by which ORR proceeds. 

Conclusions 

Where previous studies showed that PEDOT enables ORR that produces H2O2 as the dominant 

product, in this study, we extended the state of art by showing that the ORR path taken depends 

on the as-synthesized doping levels of the films. We performed RRDE experiments, analytically 

determined H2O2 concentration using a H2O2 assay kit and complementing these studies with UV-

VIS and Raman spectroscopy experiments for a series of electropolymerized PEDOT films. We 

show that higher doping levels leads to both higher ORR currents and higher proportion of H2O2 

as the reaction product. The doping level of the film is influenced by the selection of counterions, 

and introduction of conductivity enhancers and co-monomers. For example, a polymeric 

counterion like PSS produces films with high doping levels. Such films translate to a higher H2O2 

proportion during ORR compared to films stabilized with a monomeric counterion like ClO4, for 

which the doping levels are relatively lower. Additionally, we found that even though the ORR 

path of PEDOTOH remains same as PEDOT, its presence in copolymers lowers the doping level 

while eliminating any effect of counterions on ORR. Furthermore, EG, the commonly used 

conductivity enhancer for PEDOT, increases as-synthesized doping levels and therefore increases 

the H2O2 proportion during ORR.  

The findings of this study are important when choosing polymers for applications involving an 

aqueous medium. The intrinsic doping level of the polymer film seems to be the major influencing 
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parameter on the ORR pathway, where a more doped PEDOT derivative shows higher H2O2 

production. As such, one may choose a less doped PEDOT derivative and lower operating 

(reduction) voltages when working at the biological interface, as H2O2 production during 

operation, can potentially be harmful to the physiological environment. Along with this, 

minimizing any current from ORR of sensors relying on these films will also be important as not 

to intervene with the sensor read-outs. Finally, observations from our study will also be important 

for choosing and designing polymeric systems for on-demand pure H2O2 production. 
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