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The effect of block copolymer additives for a highly
active polymeric metal-free oxygen reduction
electrodef
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Manrico Fabretto,” Anton Blencowe,”® Peter J. Murphy® and Pejman Talemi*®

Electrocatalytic materials play a critical role in emerging clean energy technologies such as batteries and
fuel cells. Herein, we report the fabrication of a unique conducting polymer alloy thin film electrocatalyst
poly(3,4-ethylenedioxythiophene) (PEDOT) and a polymeric additive, polyethylene
glycol—-polydimethylsiloxane—polyethylene glycol. These polymeric films displayed electrocatalytic

based on

activity for the Oxygen Reduction Reaction (ORR) higher than that of platinum or other polymeric
electrodes. Furthermore, the metal-free polymeric electrodes were not susceptible to ‘poisoning” when
exposed to methanol. The fabrication parameters affecting the ORR performance of the polymeric
electrodes and the mechanism of the improvement of the ORR catalysis were comprehensively
investigated and benchmarked against commercial Pt electrodes. The application of the conducting
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Introduction

Both the effects of climate change and the increasing scarcity of
traditional fossil fuels have greatly increased the need to
develop renewable systems for the production of energy. Solar
and wind energy offer environmentally clean methods for
obtaining power, although the variable nature of such energy
sources necessitates the development of storage devices for
sustainable energy supplies.”” As a result, metal-air batteries
have been the subject of considerable interest due to their high
theoretical capacities and energy densities.>* Air-electrodes are
a critical component of both metal-air batteries and fuel cells,
as they provide an interface for ambient oxygen to contribute to
the electrochemical reaction of the battery; negating the need
for refuelling and allowing the cathode to operate continuously.
One of the basic requirements for a metal-air battery to achieve
its theoretical capacity is an efficient catalyst for the oxygen
reduction reaction (ORR). Catalysts used for oxygen reduction
typically contain a noble metal, most commonly platinum (Pt),
supported by a carbon scaffold. In addition to the high cost and
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polymer alloy electrode in a zinc—air battery demonstrated high power output and stable performance.

scarcity of Pt, these catalysts exhibit degradation due to the
instability (poisoning) of platinum. Therefore, many
researchers have focussed on improving the stability and
life-cycle by using additives in the support structures or by
alloying the noble metals.*” Atmospheric CO or methanol
(a proposed fuel for fuel cells) can also reduce the lifetime of
Pt-based air electrodes, poisoning the catalyst and reducing its
overall efficiency.® To overcome these problems transition
metal compounds have been sought as Pt replacements,®** as
well as the utilisation of novel carbon-based materials.***"** In
recent years, conductive polymers have started to attract
significant attention as potential electrocatalytic materials.'”->?
Khomenko et al. demonstrated that a number of intrinsically
conducting polymers (ICPs) could catalytically reduce atmo-
spheric oxygen,"” and it was proposed that the aromatic
sections of the polymers were able to lose electron density to
adsorbed oxygen, thereby reducing it."”** Other advantages of
conductive polymers are that they are lighter, cheaper and less
susceptible to poisoning compared to many metal-based
cathodes. This means that polymer-based cathode batteries
can potentially be cheaper, and have higher energy densities
and lifetimes compared to conventional batteries. Poly(3,4-
ethylenedioxythiophene) (PEDOT) is an ICP that has attracted
significant research interest due to its high conductivity and
flexibility,>*® and has been reported to deliver similar elec-
trocatalytic performance to Pt when prepared utilising the
vacuum vapour phase polymerisation (VPP) technique.'®?°
Early studies in this field, however, necessitated the use of
a gold pre-layer, which was later shown to have its own elec-
trocatalytic effect.”” Subsequently, our group eliminated the
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Table 1 Labelling, conductivity (single layer polymer deposited on glass) and the ORR conversion current (5 layers deposited on 50% wet
proofed carbon paper) of PEDOT samples based on different polymer additives

Conductivity of ORR current at —0.9
Sample Polymer additive films (S cm ™) V vs. Ag/AgCl, pH 13 (mA cm™?)
E-PEDOT PEG 206 5.7
P-PEDOT PPG 284 5.6
EPE-PEDOT PEG-PPG-PEG 2003 7.2
E30P-PEDOT PEG (30 wt%)/PPG blend 346 5.7
S-PEDOT PEG-PDMS-PEG 377 12.3
S20-PEDOT PEG-PDMS-PEG (20 wt%)/PEG-PPG-PEG 1284 9.1
S50-PEDOT PEG-PDMS-PEG (50 wt%)/PEG-PPG-PEG 919 10.1
S80-PEDOT PEG-PDMS-PEG (80 wt%)/PEG-PPG-PEG 873 9.3
ELAT N/A N/A 4.7

need for a metallic under layer by producing highly conductive
PEDOT electrodes using a structure-directing copolymer
PEG-PPG-PEG (PEG: poly(ethylene glycol), PPG: poly(propylene
glycol)).**?° In this paper, we will investigate the effect of this
polymeric additive and how it can affect the electrocatalytic
properties of PEDOT electrodes. We found that by selecting the
chemistry of each of the segments of the block copolymer addi-
tive it is possible to enhance the oxygen and water absorption
and improve the electrocatalytic properties of the electrode.
Amongst the samples discussed in this work, PEDOT
electrodes prepared with assistance of a block copolymer based
on polydimethylsiloxane (PEG-PDMS-PEG) demonstrated the
highest electrocatalytic activity and the best performance when
incorporated in a prototype zinc-air battery.

Experimental section
Preparation of air cathode

The oxidant solutions used for polymerisation utilised 1.5 g
copolymer, either PEG-PPG-PEG (Sigma-Aldrich, M,, = 5.8
kDa) or PEG-PDMS-PEG (DBE-U12 and DBE-U22, Gelest) or
a combination of them (Table 1), with 2 g iron tosylate solution
(Heraeus), and 3 g ethanol. The PEG-PDMS-PEG polymer was
characterised via 'H NMR spectroscopy (Bruker UltraShield
operating at 300 MHz) and GPC. The results provided
a molecular weight (M,,) of 1800 Da for DBE-U12 and 2000 Da
for DBE-U22. The ORR performance of samples based on these
two polymers was found to be very similar (Fig. S1}) recording
values of approximately —12 mA cm™ > at —0.9 V. Thus for the
rest of this study only DBE-U22 has been used.

The carbon paper substrates were supplied from Fuel Cell
Earth LLC. PEDOT layers were deposited using vacuum VPP of
EDOT monomer (Heraeus) following a method described else-
where.” In this method the substrates were coated by the
oxidant solution via spin coating at 1500 rpm and then exposed
to EDOT vapour in a vacuum oven at the pressure of 45 mbar
and temperature of 35 °C for 50 min. The cathodes were then
soaked and washed in ethanol to remove any excess oxidant,
then dried at 40 °C. The process was repeated so as to form the
desired number of layers of PEDOT (ie. thickness) on the
carbon paper.
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Electrode testing

Chronoamperometry was performed to test the oxygen reduc-
tion capability of the electrodes using a Voltalab PGZ100, with
a Pt wire as the auxiliary electrode and an Ag/AgCl reference
electrode (+0.2 V to NHE). The manufactured electrodes were
compared to a commercial, ELAT Pt/C electrode with Pt loading
of 0.5 mg cm > (NuVant Systems, Inc.). The current density
provided by the cathodes was measured at —300, —500, —700
and —900 mV, being sustained at the applied voltage for 15 min.
Measurements were taken using a pH 7 phosphate buffer
solution or 0.1 M KOH. The RDE experiments were performed
using PEDOT films deposited on glassy carbon electrodes (RDE,
196 cm?, Pine Research Instrumentation) with a scan rate of 5
mV s~ . An FEI Quanta 400 microscope was used to obtain SEM
images at an accelerating voltage of 20 kV.

The efficiency of the three cathodes, when used in batteries,
was also tested using an EZstat-pro (NuVant Systems, Inc.).
These experiments were carried out using a 4 M KOH solution
as the electrolyte, and utilised a zinc foil (Advent Research
Materials, Ltd.) as the anode in the cell structure, as shown in
ESI Fig. S2.1

Results and discussion
Preparation of PEDOT composite electrodes

Conducting PEDOT films were prepared on substrates
(including glass slides and graphite papers) using the vacuum
vapour phase  polymerisation (VPP) of 3,4-ethyl-
enedioxythiophene (EDOT) as described previously,*** whereby
tosylate anions were used to dope the PEDOT.*® Polymeric
additives such as PEG-PPG-PEG or PEG-PDMS-PEG were
added to the oxidant solution used in the VPP process. Table 1
provides the details of the samples prepared and discussed in
this work. After running the polymerisation for 1 hour, the
samples were washed with ethanol. At this step the reacted and
unreacted oxidant, alongside most of the polymeric additive will
be washed off the sample. However, our previous works* have
shown that some of the polymeric additive will be trapped and
included within the PEDOT structure. In order to confirm that
the same statement can be made for PEG-PDMS-PEG block
copolymers, X-ray photoelectron spectroscopy (XPS) analysis of

This journal is © The Royal Society of Chemistry 2016
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Fig. 1 (a) XPS spectrum of S-PEDOT confirming the presence of

silicon-based block copolymer by exhibiting Si2p peak at 101.4 eV.

samples was used. XPS results confirmed the presence of the
PEG-PDMS-PEG triblock copolymer in the PEDOT film, by
exhibiting characteristic Si2p (101.87 eV) peaks (Fig. 1).

It is commonly assumed that greater electrical conductivity
is a desirable characteristic for increased ORR efficiency.
Measuring the conductivity of a variety of PEDOT composite
films based on different polymer additives deposited on glass
(Table 1) revealed that the PEDOT composite with the
PEG-PDMS-PEG block copolymer (referred to as S-PEDOT)
exhibited one of the lowest conductivities (377 S cm™%).
Blending the PEG-PDMS-PEG copolymer with various amounts
of the PEG-PPG-PEG copolymer provided composites with
higher conductivities approaching that of PEG-PPG-PEG/
PEDOT composites (referred to as EPE-PEDOT).

SEM images of samples show no significant difference in the
morphology of the samples. Fig. S31 shows the SEM images of
S-PEDOT and EPE-PEDOT polymers deposited on carbon paper.
It can be seen that the porous nature of the substrate is main-
tained after coating. In agreement with our previous work,* all
PEDOT samples form a continuous flat film over the substrate,
while the S-PEDOT films appears to be thinner than EPE
samples. However, as discussed later, several layers of these
films are deposited on the functioning electrodes. By weighting
electrodes after deposition of each layer, the mass of each layer

of S-PEDOT was measured to be 0.10 & 0.03 mg cm 2.

Electrocatalytic activity

Considering that the electrodes presented in this work are
designed to be breathable and absorb oxygen directly from
ambient air, only a limited number of electrochemical methods
are capable of analysing their performance. Steady-state
measurement of conversion current versus applied potential
was used to evaluate the performance of the breathable PEDOT
composite air-electrodes, as per previous studies.’>** A higher
(more negative) current indicates a higher conversion rate and
better electrocatalytic efficiency. It should be noted that due to
the electroactive nature of PEDOT, conventional voltammetry
methods can not differentiate between the current caused by
reduction of the polymer and that of the ORR. Therefore, the
current density provided by the cathodes was measured after
being sustained at the applied potential for 15 min (equilibra-
tion time). In this arrangement, considering the small amount
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of deposited polymer, every redox reaction of the polymer will
occur and conclude in the first few seconds, and the reported
current values are solely due to ORR.

Maintaining a three-phase interface between the air, the
catalytic layer and the electrolyte (Fig. S47) is critical for efficient
electrocatalysis of the ORR.*** Compared to PEDOT alone,
incorporation of PEG in polymer electrodes (E-PEDOT) results
in better ORR catalysis by increasing water (as one of the reac-
tants necessary for the ORR) uptake due to the hydrophilicity of
PEG."?** However, the poor absorption and mass transport
(diffusion) of oxygen through the electrode has been noted as
the main limiting parameter in the ORR cathodes.**** For this
reason, we hypothesised that the incorporation of PEG
(a hydrophilic polymer with poor oxygen permeation) is not, in
itself, sufficient for achieving good ORR performance.”® To
produce highly efficient PEDOT-based electrocatalysts for the
ORR a key challenge is to develop materials that have catalytic
interfaces that are highly accessible to both water and oxygen
simultaneously, which has been particularly difficult consid-
ering the poor solubility of oxygen in water. In order to test our
hypothesis, a range of samples based on different polymer
additives were prepared. Table 1 summarises their composi-
tion, conductivity and their conversion current value at —0.9 V
vs. Ag/AgCl as an indicator of their electrocatalytic activity. It can
be seen that incorporation of PEG or PPG does not have
a significant effect on the conversion current of electrodes.
However, using them beside each other, in form of a block
copolymer, can enhance the electrocatalytic activity. Interest-
ingly blending PEG and PPG, in the same composition as the
block copolymer, does not result in such improvement. Based
on these observation it can be concluded that incorporation of
a hydrophobic block that can facilitate oxygen transfer can
enhance the electrocatalytic activity. Synthesis of polymers with
high oxygen and water absorption has been attracting attention
of polymer scientists as a potential material for development of
soft contact lenses.**>* A review of the literature in this area
reveals that block copolymers of a PDMS and PEG are appro-
priate materials for achieving such properties. Thus, in the next
step PEDOT electrodes based on PEG-PDMS-PEG polymeric
additive were prepared. Testing of this sample (S-PEDOT) shows
a significantly higher ORR conversion current than any other
sample. Interestingly, S-PEDOT demonstrates one of the lowest
conductivity values amongst the samples tested in this work,
which indicates that simultaneous absorption of oxygen and
water has a more significant effect of ORR electrocatalysis than
conductivity of electrodes.

Optimisation of the S-PEDOT electrode was first achieved by
varying the commercially available carbon supports. Testing
electrodes prepared by deposition of S-PEDOT over a wide range
of carbon paper substrates (Fig. S5T) showed that the 50%
wet-proofed carbon paper can provide the highest conversion
current and lowest electrolyte leakage, thus this material was
chosen as the preferred substrate.

Our previous work® demonstrated that deposition of a thick
layer of PEDOT limits the diffusion of oxygen and/or electrolyte
through the electrode resulting in a poor three-phase interface,
and loss of the ORR performance. In order to determine the

RSC Adv., 2016, 6, 28809-28814 | 28811
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mass (no. of layers) at which the peak current density occurred,
different thicknesses of PEDOT were deposited (1 to 7 layers)
(Fig. S61). The 5-layered sample, corresponding to a mass of
0.5 mg cm %, exhibited the greatest conversion current at the
applied potentials studied. Therefore, for further testing the
optimum combination of 5 layers of S-PEDOT on 50%
wet-proofed carbon paper was implemented.

A range of PEDOT composites (Table 1) and ELAT® -
a commercially available Pt/C gas diffusion electrode with a plat-
inum loading of 0.5 mg cm > - were compared in terms of their
electrocatalytic activity in the ORR. Table 1 lists the steady state
conversion current obtained at —0.9 V, and Fig. 2a and b demon-
strate the conversion current as a function of applied potential in
neutral and alkaline buffer solutions, respectively. At a neutral pH
the Pt/C electrode produces a higher conversion current than both
the PEDOT electrodes at low potentials (Fig. 2a). However, the
activity of the S-PEDOT is greatly increased with applied potential,
resulting in it outperforming the other samples.

As metal-air batteries and many fuel cell technologies are
most commonly operated under alkaline conditions,**** the
air electrodes were also tested at pH 13 (Fig. 2b). The highest
current density achieved under these conditions was —12.3 mA
cm 2, obtained by the S-PEDOT based air electrode at —0.9 V,
which is significantly higher than that achieved by the other
samples. Importantly, such a high conversion current not only
surpasses the performance of other PEDOT electrodes exam-
ined in this work, but it is also significantly higher than that of
the platinum electrodes tested herein (both per area and per
weight of catalyst). It is worth-mentioning that in our previous
work?® where we compared the performance of EPE-PEDOT with
a home-made platinum electrode made by sputtering of plat-
inum over a PVDF membrane, a similar performance for
EPE-PEDOT and platinum was observed. This is in agreement
with the results reported here, based on using a commercial
platinum electrode.

In an attempt to improve the performance of the electrodes,
PEDOT based on a mixture of PEGPDMS-PEG and PEG-PPG-PEG
block copolymers have been prepared. Interestingly, despite
improvements in the PEDOT electrode conductivity with the
addition of the PEG-PPG-PEG copolymer to composites based
on PEG-PDMS-PEG, no additional improvement in the ORR
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Fig. 3 Steady state conversion current density as a function of applied
potential for: pristine S-PEDOT sample and the same sample after
soaking in methanol for 20 h.

performance was recorded (Table 1). This indicates that achieving
the right balance between oxygen and water absorption on PEDOT
electrodes play a more important role than the conductivity of the
electrodes.

It is known that methanol poisons Pt based catalysts," to test
the susceptibility of our catalyst to methanol (a possible fuel for
fuel cells) the S-PEDOT film was soaked in methanol overnight.
Determination of the ORR performance before and after soak-
ing in methanol revealed negligible change in the electro-
catalytic performance (Fig. 3). Hence, from this experiment it
can be concluded that the polymer catalysts developed in this
work are not susceptible to poisoning by methanol.

ORR can occur via two pathways, the 2 electron pathway
where oxygen is initially reduced to H,O, or HO,  and then
reduced to H,O, and the 4 electron pathway where oxygen is
reduced to H,O or OH via transfer of 4 electrons.'®?*
Rotating disk electrode (RDE) voltammetry methods and
development of Koutecky-Levich®*® plots is a common
method for analysis of the ORR mechanism. In this method
the number of electrons involved in ORR are estimated by

using the slopes of Koutecky-Levich plots (eqn (1)),
1 1 1
—=—+ (1)

Jp jK Bw0.5

where jk is the kinetic current density in amperes at a constant
potential, j, is the measured current density on RDE,  is the
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Fig. 2 Steady state conversion current against potential for the ELAT (platinum coated carbon paper), EPE-PEDOT and S-PEDOT electrodes

tested at (a) pH 7 and (b) pH 13.
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(vs. Ag/AgCl) based on the data presented in Fig. S5 & S6.1 The similar
slope observed for both polymeric electrodes indicates a similar ORR
mechanism occurring at both electrodes.

electrode rotating speed in rpm, and B is the reciprocal of the
slope, which could be determined from the slope of Koutecky-
Levich plot using Levich equation (eqn (2)):

B=02nFv"CD?? (2)
where n is the number of electrons transferred per oxygen
molecule, F is the Faraday constant, v is the kinetic viscosity, C
is the bulk concentration of O,, and D is the diffusion coeffi-
cient of O, in 0.1 M KOH. The constant 0.2 is adopted when the
rotating speed is expressed in rpm.

Due to the physical structure of breathable electrodes, it is
not possible to directly evaluate their electrochemical perfor-
mance using such common methods. However in order to gain
insight into the mechanism of the ORR at the PEDOT elec-
trodes, a flat and polished glassy carbon RDE electrodes were
coated with a thin layer of PEDOT polymers and their ORR
performance in a RDE setup has been studied (Fig. S7 and S87).
The overall electron transfer numbers per oxygen molecule
involved in the ORR process were calculated from the slopes of
Koutecky-Levich®*® plots (Fig. 4). The results of these experi-
ments reveal a transfer of 3.9 and 4.0 electrons per oxygen
molecule for EPE-PEDOT and S-PEDOT electrodes, respectively.
So it can be reasonably concluded that both electrodes catalyse
the ORR through the 4 electron pathway, and this is in agree-
ment with previous studies on the electrocatalytic behaviour of
PEDOT prepared via VPP.”* LSV plots at 1600 rpm where also
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used for estimation of overpotential of the PEDOT electrodes
(Fig. S91). Both EPE-PEDOT and S-PEDOT electrocatalysts show
comparable ORR onset potential and low overpotential of 458
and 410 mV versus the equilibrium potential for O,/H,0 system
at 0.1 M KOH solution (1.23 V vs. RHE), respectively. Lower
overpotential S-PEDOT can be justified by our hypothesis that
better access to reactants (i.e. oxygen and water) are resulting in
a lower concentration overpotential. Thus, the similar observed
ORR pathway and the lower overpotential of S-PEDOT indicate
a similar electrocatalysis mechanism for the EPE- and S-PEDOT
electrodes while better absorption and diffusion of oxygen is the
key contributor towards improved electrocatalytic performance
of S-PEDOT.

Besides the desired high ORR efficiency, electrode perfor-
mance stability over extended periods of time is an essential
criterion for developing commercially viable ORR electrodes.
The stability of the air-electrodes was studied by measuring
their performance over a period of 20 h (Fig. S10t), which
confirmed stable ORR performance for both S- and
EPE-PEDOT composite electrodes. As expected, amongst the
two samples tested, S-PEDOT showed the higher average
current density.

Zn-air batteries

To evaluate and compare the performance of the PEDOT
composite air-electrodes in a functional battery, zinc-air
batteries were prepared by pairing these electrodes with a zinc
foil anode in 4 M KOH solution (Fig. S31). The open circuit
voltages of batteries based on E-PEDOT (a composite based on
PEDOT and a PEG homopolymer), EPE-PEDOT and S-PEDOT
electrodes were determined to be 1.36, 1.42 and 1.48 V,
respectively. The battery based on S-PEDOT exhibited a peak
power density of 41.3 mW cm ™2 at 0.52 V (Fig. 5), while the peak
power density was 18.9 and 9.1 mW cm™ > for batteries based
EPE-PEDOT and E-PEDOT cathodes, respectively. It can be seen
that changing the polymer additive to PEG-PDMS-PEG resulted
in a significant improvement in the peak power density and the
voltage of the peak power density. The overall trend observed in
the performance of batteries indicate that using additive poly-
mers containing hydrophobic blocks such as PPG and PDMS
can effectively improve the performances of the metal-air
batteries.
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(a) Polarisation curves and (b) the corresponding power density plots for zinc—air batteries based on polymeric air electrodes.
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Conclusion

An air-electrode material based on a novel PEDOT composite
with the PEG-PDMS-PEG triblock copolymer (referred to as
S-PEDOT) has been produced. This cathode showed greater
electrocatalytic activity than any other PEDOT electrodes man-
ufactured using other polymeric additives (such as PEG, PPG
and PEG-PPG-PEG), and a commercial Pt/C electrode. In
comparison to the commercial Pt/C electrode, the S-PEDOT
electrode has significantly increased the electrocatalytic
activity in both neutral and alkaline pH. The S-PEDOT elec-
trodes showed stable ORR performance, and no susceptibility to
methanol poisoning, unlike traditional Pt electrodes. The RDE
experiments confirmed the proposed mechanism for improved
performance of ORR electrodes. The ORR electrodes developed
in this work were successfully employed in primary Zn-air
batteries with the S-PEDOT electrode showing the highest open
circuit voltage (1.46 V), peak power density (41.3 mW cm ™ ?) and
energy density (715 W h kg™ "). The trends observed in perfor-
mance of batteries were in agreement with other electro-
chemical assessment results and proposed hypothesis.
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