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Over the years, extensive research has been carried out to optimize the oxygen evolution reaction (OER) by
adopting different techniques as well as catalysts. Conducting organic polymers such as PEDOT have been
employed to study the reaction but have failed to lower the over-potential for the reaction. Here we show
electrochemically made, intimately blended, dual redox reversible materials incorporating PEDOT and
metallacarboranes. The metallacarboranes act as doping agents but with tunable E;,, potentials. The
tunability of E;/; allows the overlapping of the two redox potentials which subsequently leads to their
synergy. The physico-chemical properties of the metallacarboranes fade and become integrated with
PEDOT to form a dual redox reversible system. Therefore, the properties of the dopant are modified by

4+/3+

the polymer. Thus, due to its high Ej;,, the Co couple would not be an efficient electrocatalyst for

water oxidation but when it is immersed in the PEDOT matrix the Co**/3* potential is more accessible so
that very low overpotential values are obtained, which justifies the title of the work, How to switch from

a poor PEDOT:X oxygen evolution reaction (OER) to a good one. The dual redox reversible system has
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Introduction

Conducting organic polymers (COPs) act as a bridge between
metal and semiconductor electrical conductivity. Generally, the
electrical properties of COPs can be tuned by using modified
monomers such as thiophene which leads to polythiophene
(PT) and its derivatives, 3,4-ethylenedioxythiophene which leads
to poly(3,4-ethylenedioxythiophene) (PEDOT).! In order for
these polymers to be conductive, they need to be partially
oxidized. By being oxidized, a number of positive charges are
generated on the backbone of the polymer, which require
counter-anions or doping agents to achieve charge neutrality.
The most commonly employed and commercially available COP
is PEDOT:PSS where polystyrene sulfonate acts as the doping
anion. PEDOT:PSS polymers are employed as thermoelectric
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materials having high efficiency,” as the electrolyte in polymer
electrolytic capacitors,® as flexible organic cells,* as light emit-
ting diodes® and as an alternative to indium tin oxide.® In
contrast, redox polymers are those which alter their electro-
chemical properties with a change in the oxidation state in
a reversible manner. This is indeed a herculean task as the lack
of availability of robust aqueous soluble doping anions, which
are reversibly redox-active and are firmly bound to the polymer
backbone without being covalently bonded, makes it hard to
achieve such a system.

A prominent soluble doping agent would be poly-
oxometallates (POMs) which are soluble in water as well as
organic solvents and can be derivatized to a certain degree.”* A
plethora of literature is available on the application and potential
advantages of POMs,*™ yet very little literature exists on
achieving a covalent linkage between the POM and the polymer
while retaining all the desired properties of the POM.">?° In
contrast, studies involving metallacarboranes as doping agents
are scarce.”** Even though they share many physical properties
with POMs such as low charge density with a negative charge on
the periphery*?* (POMs on oxygen atoms and metallacarboranes
on hydrogen atoms), solubility,* both being anionic species with
dimensions larger than the nanoscale and their couples dis-
playing reversible redox behaviour,” they differ in that the met-
allacarboranes exhibit 3D aromaticity.>

This journal is © The Royal Society of Chemistry 2022
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Scheme 1 Schematic representation of [1] and the halo-derivatives of
[1] along with the reference anion employed in the study.

In this paper, we attempt a step forward in COPs and redox
polymers by producing COPs that permit a voluntary fine tuning
of their properties by modifying the redox potential of the
doping agent to form a new COP having synergistic redox
properties. These COPs have an added advantage of having two
redox reversible components: the polymer backbone as well as
the doping agent. Here, we show the potential application of
metallacarboranes, a n° coordinated transition metal sandwich
ligand,*® as doping agents.

In this work, we have focused on [Co(C,BoH11),] , [1], and its
halo-derivatives, [1]-Cl, (x = 2, 4 and 6) and [1]-Is (Scheme 1),
which can interact with the heteroatoms in PEDOT owing to its
ability to form H-bonds and the presence of outer electron
transfer elements. The paper also focuses on producing these
dual redox reversible COPs in an electrochemical manner due to
the high precision in terms of polymer composition.**** The
electrical properties of these dual redox reversible COPs have
been extensively studied and discussed. Owing to the fact that
PEDOT:PSS has been previously reported as a poor catalyst for
oxidation reactions,® we have focused on demonstrating
a potential application for the newly synthesized COPs as elec-
trocatalysts in water oxidation.

Results

Electrochemical polymerization of PEDOT:[1]-X (X = Cl,, x =
2, 4 and 6; Is) and PEDOT:PSS

The compounds investigated in this study are: [1]-Cl,, [1]-Cl,,
[1]-Cl and [1]-I. The redox potentials for the pair Co**** of [1],
[1]-Cl,, [1]-Cl,, [1]-Cl¢ and [1]-I¢ are —1.28, —1.04, —0.85, —0.81
and —0.46 V vs. Ag/AgCl in dry acetonitrile, respectively
(Fig. S11).

Fig. 1 shows the different voltammograms recorded during
the potentiodynamic synthesis of the samples in anhydrous
acetonitrile. From the first cycle of the redox process, it can be
observed that the Co®*"?" reduction occurs at —0.94, —0.80,

This journal is © The Royal Society of Chemistry 2022
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Fig.1 Cyclic voltammograms for the electropolymerization of 10 mM
EDOT and 10 mM (a) Cs[1]-Cly; (b) Cs[1]-Cly; (c) Cs[1]-Cle; (d) Csl1]-lg;
and (e) PSS.

—0.71 and —0.44 V vs. Ag/AgCl for PEDOT:[1]-Cl, (x = 2, 4 and 6)
and PEDOT:[1]I, respectively. Therefore, the two different
redox processes that can be observed from the voltammograms
are the redox process of Co*"’** and the redox process due to
polymer formation. The redox processes due to PEDOT forma-
tion are quasi-identical for [1]-Cl, and [1]-Cl, considering the
potential range and shape despite having different E,,, values
for the redox process of Co®>"/?*. Conversely, the shape, potential
range and the intensity for the redox process for PEDOT
formation changes dramatically for [1]-Cls with the intensity
being 3-4 times higher than the other chloro-derivatives. In the
case of [1]-I, the shape of the curve due to PEDOT formation is
entirely different from the chloro-derivatives. The intensity of
the CV is similar to [1]-Cl, but the capacitive current process is
thinner in comparison.

The key electrochemical reactions which lead to polymeri-
zation occur between +1.2 and +1.65 V (vs. Ag/AgCl) with
a monomer oxidation onset potential at +1.3 V in the anodic
scan of the first cycle (Fig. 1). Using the halo-derivatives as the
doping agents delays the onset of electropolymerization by +0.2
V with regard to [1].° Essentially, for every sample there are two
anodic peaks, a prominent and intense peak corresponding to
polymer formation and a negative shoulder peak corresponding
to the Co®"’?* redox process. The former occurs at +0.7, +0.6,
+0.3 and +0.4 V vs. Ag/AgCl with a shift of 0.2, 0.1, 0 and —0.2
with consecutive cycles for PEDOT:[1]-Cl,, PEDOT:[1]-Cl,,
PEDOT:[1]-Cls and PEDOT:[1]-Is, respectively, while the latter
occurs at —0.2 V for PEDOT:[1]-Cl, and at —0.3 V for the
remaining ones. On the other hand, the cathodic peaks are at
the same positions of —0.5, 0 and +0.65 V vs. Ag/AgCl for
PEDOT:[1]-Cl, and PEDOT:[1]-Cl, while for PEDOT:[1]-Cl, the
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Table 1 Electrochemical parameters of the redox couple Co**/2* for different COPs during polymerization

Epa (V Epe (V Eip (V Eip (V
Sample (Co*"?") vs. Ag/AgCl) vs. Ag/AgCl) vs. Ag/AgCl) COP formation vs. Ag/AgCl)
PEDOT:[1]-Cl, —-0.2 —-0.5 —-0.35 —1.04
PEDOT:[I]—C14 —0.3 —0.5 —0.40 —0.85
PEDOT:[I]-C16 —-0.3 —0.8 —0.55 —0.81
PEDOT:[I]—I5 —0.3 —0.9 —0.6 —0.46

peaks are at —0.8 and —0.3 V and at —0.9 and —0.1 V for
PEDOT:[1]1¢. The electrochemical parameters for the redox
couple Co*?* during the polymerization process for different
COPs are listed in Table 1. The mechanism for polymerization
can be speculated as the oxidation of the monomer generating
a radical that could lead to polymer formation by the release of
a proton.>

Fig. 1e shows the voltammogram recorded during the
potentiodynamic synthesis of PEDOT:PSS in water. The onset
potential was +0.6 V, with an increase in current for every cycle
indicating the formation of the polymer on the electrode surface
with an anodic peak at +0.7 V vs. Ag/AgCl. The voltammogram
also showed a high and relatively constant capacitive current for
PEDOT:PSS. The as-synthesized COPs were characterized using
various spectroscopic and microscopic techniques (refer to the
ESIT for further details).

The as-synthesized COPs were characterized using various
spectroscopic and microscopic techniques. The morphology
studies were carried out using the SEM technique (Fig. 2). It was
observed that PEDOT:[1]-Cl, and PEDOT:[1]-Cl, consisted of
small aggregates of rough spheres with dimensions around 5.5
and 4.5 um, respectively. Interestingly, the morphology of
PEDOT:[1]-Cls was quite similar to the one observed for
PEDOT:M[1] (M = Cs', Na*, Li" and H"),*® small spheres with
dimensions of 2.0 um. In contrast, PEDOT:[1]-Is had a very
distinct morphology in comparison to the others. The reference
sample, PEDOT:PSS, also had a distinct morphology owing to
the fact that the doping agent was a polymer instead of a 3D
inorganic moiety.

To reinforce the success of electropolymerization, EDX
analysis was also performed on the samples to estimate the
elemental composition in each of them. The characteristic

Fig.2 Scanning electron microscope images of (a) PEDOT:[1]-Cl,; (b)
PEDOT:[1]-Cly; (c) PEDOT:[1]-Cls; (d) PEDOT:[1]-ls; and (e)
PEDOT:PSS at 500x with a 10 pm scale.

16184 | U Mater. Chem. A, 2022, 10, 16182-16192

elements for PEDOT and metallacarboranes are S and Co,
respectively. Hence, the ratio of S/Co would provide information
regarding the stoichiometry as well as the extent of doping in
each sample. Table 2 shows the ratio of S/Co for all the samples
and it can be noticed that for every [1]-Cl,, there are 1.5 mole-
cules of PEDOT whereas for [1]-I there are 2.6.

XPS analysis was also performed for the samples and
compared with [1] as shown in Fig. 3. The results indicate the
formation of a COP with the presence of different elements as
shown in Table 3. Interestingly, the ratios of S/Co obtained from
EDX and XPS analyses are different which hints at a difference
in the surface and bulk composition of the newly synthesised
COPs attributed to the difference in sample preparation and
history of the sample. In the bulk due to the presence of more
PEDOT, [1] participates more actively in the surface processes
than in the internal processes. Thus, in the reduction process,
metallacarborane is removed, resulting in a higher PEDOT
ratio®” [for further details refer to the ESI].}

Electrochemical properties of PEDOT:[1]-X (X = Cl,, x = 2, 4
and 6; Is) and PEDOT:PSS

The electrochemical properties of PEDOT:[1]-X and PEDOT:PSS
were investigated in 0.1 M Na,SO, in water. Fig. 4 shows the

Table 2 Ratio of S/Co atomic % (S from PEDOT and Co from metal-
lacarborane) of the samples PEDOT:[1]-Cl, and PEDOT:[1]-l¢g by EDX
analysis

Sample S/Co (% At)
PEDOT:[1]-Cl, 1.55 £ 0.10
PEDOT:[1]-Cl, 1.55 + 0.09
PEDOT:[1]-Cl, 1.54 £ 0.21
PEDOT:[1]1, 2.56 + 0.31
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Fig. 3 XPS analysis of Cs[1], PEDOT:[1] and PEDOT:[1]-Clg with the
corresponding elements.

This journal is © The Royal Society of Chemistry 2022
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Table 3 Atomic % concentrations on the surface of different samples
from XPS analysis

Sample C B Cl Co S
[1] 31.28 66.63 — 3.57 —
PEDOT:[1] 59.89 18.41 — 0.89 4.72
PEDOT:[1]-Cls 62.72 10.95 2.98 0.57 5.03
a) b) ,
¢ d)

E(V)vs AgACI

05 00 os
E(V)vs AgASCl

Fig. 4 Cyclic voltammograms for the electrochemical characteriza-
tion of (a) PEDOT:[1]-Clp; (b) PEDOT:[1]-Cly; (c) PEDOT:[1]-Cle; (d)
PEDOT:[1]-1; and (e) PEDOT:PSS in 0.1 M Na,SO4 at 100 mV s,

stability window of different polymers with a scan rate of 100
mV s~*. The redox peaks for the couple, Co*"'?*, of [1]-Cl,, [1]-
Cly, [1]-Cls and [1]-1s were found at —1.17, —0.97, —0.83 and
—0.65 V, respectively, which confirms the presence of metal-
lacarborane in the polymer matrix. In all the samples, a negative
shift of the redox potential of the PEDOT:[1]-X polymers in
comparison to the native values of the parent metal-
lacarboranes was observed.

The second redox process that occurs corresponds to
PEDOT. However, due to the overlap of the redox processes
between the couple, Co*"’?*, and PEDOT, only the peaks due to
[1]-X are observable. This can be attributed to the fact that the

View Article Online
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metallacarboranes contribute to the faradaic current whereas
PEDOT with a doping agent is capacitive. The specific capaci-
tance values of the different COPs are shown in Table 4. Among
the polymers, PEDOT:[1]-Cl¢ has the highest capacitive value of
326 F g, around 2-3 times higher than the rest, including
PEDOT:PSS. As mentioned earlier, [1]-Cls is the only metal-
lacarborane which shows a synergy between the electro-
polymerization of PEDOT and the Co**'** couple. Remarkably,
this composite shows a specific capacitance value similar to that
of PEDOT/ferrocene, thereby rendering it a good candidate for
supercapacitors.*® Furthermore, the as-synthesized PEDOT:PSS
also had values very close to the reported ones,** suggesting that
the potentiodynamic synthesis of the polymer is indeed effec-
tive and practical.

The linear sweep voltammograms of the samples in 0.1 M
Na,SO, at 0.5 mV s~ ' show that the higher the number of B-Cl
bonds in metallacarborane, the higher the overoxidation resis-
tance limit (ORL) (Fig. S5t). Moreover, PEDOT:[1]-Cls has
a shoulder at +1.15 V which can be ascribed to the interplay
between metallacarborane and PEDOT growth suggesting that
[1]-Cls delays the ORL in the polymer matrix. Notably, at
different scan rates the LSV varies as will be seen in the
following catalysis section.

The conductivity studies also suggest that synergy is most
experienced in PEDOT:[1]-Cl, as it has the highest electrical in-
plane conductivity among the polymers. The general range for
the conductivity lies between 210 and 284 S cm ™" (Table 4). The
different values of conductivity indicate a deep synergy between
each doping agent and the polymer, and consequently the
properties thereof. The trend is also in agreement with the
conclusion that the higher the chloro-content in the doping
agent, the higher the anodic potential of metallacarborane and
hence, the higher the electrical conductivity. Table 4 also indi-
cates that the conductivity of each of the samples is twice that of
PEDOT:PSS.

Ionic conductivity by electrochemical impedance
spectroscopy (EIS) of PEDOT:[1]X (X = Cl,, x = 2, 4 and 6; Is)
and PEDOT:PSS

In practice, the as-synthesized COPs require ionic conduction
perpendicular to the membrane. In this regard EIS measure-
ments were performed at different temperatures between 20
and 160 °C on a frequency scale from 0.1-10 MHz. The real part
of the conductivity was analysed in terms of the corresponding
Bode diagrams,®® where conductivity varies with frequency for

Table 4 Values for the electrical parameters of PEDOT:[1]-X and PEDOT:PSS

Sample ClaFg] a’b [S em™] c°[60°C, 10 *Sem™ ] 0°[120 °C,107* Sem ] 0°[160 °C,107* Sem ]
PEDOT[1]-Cl, 106 + 12 230 + 15 6.3+ 0.2 17 +1 13+ 0.5

PEDOT:[1]-Cl, 114 + 14 248 + 23 13 £0.3 2042 18 £ 0.6

PEDOT[1]-Cl, 326 + 10 284 + 22 26 + 0.5 28 +2 22+1

PEDOT:[1]-I 183 + 11 252 + 25 1.6 + 0.1 2.3 £0.3 1.5+ 0.1

PEDOT:PSS 175 + 18 210 + 37 1.5+ 0.1 2.0+ 0.1 2.4+ 0.1

“ Specific capacitance values. ? Electrical conductivity measured in-plane in S cm™* by the four-probe method. ¢ Ionic conductivities at 60 °C, 120 °C

and 160 °C.

This journal is © The Royal Society of Chemistry 2022
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all the membranes under dry conditions (Fig. S6t). Although
the dielectric conductivity measurements (g4.) are easier to
obtain by using Bode plots when the real part of the conductivity
is constant and the phase angle is zero, g4, was observed from
the Nyquist diagram for the sample PEDOT:[1]-Cl, as shown in
Fig. S7.7 Both diagrams, Bode and Nyquist, indicate that the
behavior of PEDOT:[1]-Cl, is similar to a typical conductor
material, at every temperature, where the real part of the
impedance corresponding to the material resistance is
constant, and the imaginary part is very small.

It can be observed that the real part of the conductivity for all
the samples is constant for all ranges of temperature, which is
a typical behaviour for a conductive material. For all the
temperatures studied, the conductivity values increase with
temperature as o¢PEDOT:[1]-Cls > ¢'PEDOT:[1]-Cl, >
¢'PEDOT:[1]-Cl, > ¢'PEDOT:[1]-Is ~ ¢'PEDOT:PSS (Table 4). As
expected, PEDOT:[1]-Cl¢ is the most conductive, which is also in
accordance with the in-plane electrical conductivity measure-
ments performed using the four-probe method. The conduc-
tivity values observed are higher than those observed for
mixtures of zwitter ionic liquids (ZILs) and LiNTf, or even for
the cross-linked polymeric ionic-like liquids (SILLPs).***

The conductivity ¢’ is characterized by a plateau indepen-
dent of the frequency and the value is virtually constant corre-
sponding to direct-current conductivity (o4.) of the sample. The
lack of any deviation from the o4, in the low range frequencies
due to the electrode polarization (EP) resulting from the
blocking of the electrodes suggests that EP is absent in these
materials.

Fig. S8t shows the conductivity values for all the samples as
a function of temperature. From the plot, we can observe that
polymers with metallacarboranes as doping agents follow
a typical Arrhenius behavior with two distinct traits, one
between 20 °C and 120 °C where the conductivity increases with
increasing temperature in accordance with the Arrhenius
equation (eqn (1)) and the second from 120 °C where the
conductivity decreases. The exception to the observed trend is
PEDOT:PSS, where the tendency is linear for all ranges of
temperature. This anomaly in the conductivity where there is
temperature dependency of mobile ions particularly at higher
temperatures where conductivity begins to fall sharply is diffi-
cult to explain but is presumably due to solvent evaporation
leading to membrane dehydration or can be associated to the
variation in Debye's length as previously reported.*®

Eact
1
RT 1)

Inog.=Ino, —

Following eqn (1), the activation energy for each of the
samples was calculated from the slopes by fitting the region 20-
120 °C. The trend observed is as follows: E,.(PEDOT:[1]-Clg) <
Ea(PEDOT:[1]-Cl;) ~ Eu(PEDOT:PSS) < E,(PEDOT:[1]-I5) <
E,.(PEDOT:[1]-Cl,). Reinforcing the previous discussions,
E..(PEDOT:[1]-Cl¢) has the lowest activation energy. Our results
show that all compounds display activation energies lower than
those of Nafion membranes (10.5 k] mol~")** and significantly
smaller than previously reported values for polycrystalline salts

16186 | J. Mater. Chem. A, 2022, 10, 16182-16192
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of CsH,PO, (38.6 k] mol ")* in the same temperature ranges.
Interestingly, the values obtained are quite similar to powders
of Na[1], Li[1] and H[1] which were 7.8, 7.9 and 5.6 k] mol ,
respectively.

To further analyze the differences in the conductivity and
activation energy, we express the temperature dependence of
conductivity in terms of Eyring's absolute rate theory as:

o) )

o=CT exp(—

Eqn (2) constitutes an Arrhenius law in which AG** = AH**
— TAS** has been taken into account with C, being the pre-
factor dependent on frequency, AG** being the activation Gibbs
free energy of the microscopic conduction process in the
sample, and AS** being related to the thermodynamic excess of
entropy associated with the macroscopic structural changes of
the material that give rise to entropic restrictions during the
motion of the charge carriers. AH** is the enthalpy change
associated with the conduction process, T is the absolute
temperature and R is the universal gas constant.

Since the charge transport is thermally activated, the energy
AG** involves the formation of an activated complex linked to
ion hopping. The values of AH** and AS** can be obtained
from the slope and T-intercept of the plot In(¢/T) vs. 1000/7,
respectively (Fig. S9t). The calculated values of these quantities
are shown in Table 5. They are associated with conductivity
through AH** and the structural changes through AS**. From
the data, it can be concluded that for most of the samples the
AH** decreases and AS** increases with an increase in the
number of Cl atoms in the doping agent. The activation
enthalpy and entropy are rather similar for PEDOT:[1]-Cls and
PEDOT:[1]-Cl, while for PEDOT:[1]-Cl,, they are different which
can be attributed to the abrupt change observed from 60-80 °C.

Comparison of the oxygen evolution reaction of PEDOT:X
films deposited on glassy carbon electrodes; X = PSS, [1], and
[1]-Cls

The investigations reported in this work have shown that[1] and
its halogenated derivatives [1]-Cl, (x = 2, 4 and 6) and [1]-I,
serving as redox reversible active dopant agents of PEDOT have
improved, among others, the electrical properties of pristine
PEDOT:PSS. An exciting aspect was observed as shown in
Fig. 4a-c that [1] and its chlorinated derivatives had their pris-
tine redox properties altered as a consequence of the PEDOT
matrix in which they were embedded and these had moved

Table 5 Values for the energies calculated for all the samples with the
reference, PEDOT:PSS, for comparison

Sample Eqee [K) mol™']  AH** [k] mol™'] AS** [J mol™' K]
PEDOT:[I]-CIZ 14.1+14 13.6 £ 1.4 —1.5+ 0.2
PEDOT:1]Cl, 6.5+ 0.6 3.7£03 —347£25
PEDOT:[I]-CIG 5.1+ 0.8 2.4 £+ 0.3 —33.3+24
PEDOT:[1]-I¢ 10.2 + 1.0 7.4 £0.5 —42.7 £ 3.1
PEDOT:PSS 6.2 + 0.3 3.2+£0.2 —54.9 + 3.4

This journal is © The Royal Society of Chemistry 2022
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Fig. 5 Linear sweep voltammetry during WOC activity with deconvolution of capacitive current + catalysis Co**/** oxidation and PEDOT:PSS

voltammograms. The original voltammogram in blue, deconvoluted capacitive current and catalytic activity in orange, deconvoluted Co

4+/3+

oxidation, calculated voltammogram in yellow dotted and capacitive current in black dotted. (a) PEDOT:PSS at pH = 7, (b) PEDOT:Cs[o-COSAN]
at pH =7, (c) PEDOT:Cs[Clg-0-COSAN] at pH = 7, (d) PEDOT:PSS at pH = 13, (e) PEDOT:Cs[o-COSAN] at pH = 13 and (f) PEDOT:Cs[Cl4-0-
COSANI] at pH = 13; (g) quenching of fluorescein fluorescence (encircled) due to O, evolution; (h) bubbling of N, to remove the O, formed and

hence the recovery of fluorescein fluorescence.

towards more anodic values. These observations were corrobo-
rated by the traces in Fig. S5a-d,t and we thought that if the
Co*'** couple shifts to more positive values, might not the Co*"
** couple be more accessible? This motivated us to see if the
broadly accepted poor electrocatalytic properties of PEDOT:PSS
in the oxidation of water to O, would be significantly improved
by substituting non-redox PSS with a redox tunable metal-
lacarborane like [1] and its halogenated derivatives [1]-Cl,. The
water oxidation catalysis results are shown in Fig. 5. The elec-
trochemically active surface area (ECSA) as well as the rough-
ness factor (RF) were calculated for PEDOT:[1] and PEDOT:[1]-
Clg as shown in Table 6.

It is noteworthy that in all cases when the I/V trace experi-
ences a significant change in the slope, O, release is observed.
Due to the dark color of PEDOT/X, the formation of bubbles on
the material is not observed, but their subsequent evolution is

Table 6 Values of ECSA and RF for the samples, PEDOT:[1] and
PEDOT:[1]-Clg at pH = 7 and pH = 13

pH=7 pH =13
Sample ECSA (cm?) RF ECSA (cm?) RF
PEDOT:[1] 1.013 144.7 1.020 145.8
PEDOT:[1]-Cl, 0.716 102.3 1.030 147.2

This journal is © The Royal Society of Chemistry 2022

clear after a few seconds due to the abrupt change in the I/V
slope. Furthermore, Co**"** oxidation was deconvoluted from
the original voltammograms shown in Fig. S10,t separating this
oxidation wave (parameters found in Table S27) from the curve
that contains both the capacitive current and the catalytic curve.
O, was identified as the gas evolved, which was proven by the
quenching of fluorescein by the generated O, as shown in Fig. 5
and S11}.*%*

The relative overpotential (n,,)* is measured as the potential
difference (voltage) between the oxidation potential E;, at which
a current of 10 mA is determined for PEDOT:PSS and the
voltage, E, at which such current is found for PEDOT:[1], and
PEDOT:[1]-Cls. These values are shown in Table 7.

Table 7 shows the overpotential values which are negative
because they are compared to PEDOT:PSS which is the one for
which the improvement is intended. 7,, values were obtained
directly from the original voltammograms while 7 values were
extrapolated using the deconvoluted catalytic curves by inter-
secting the line of the capacitive current with the tangent of the
catalytic wave. These n values are —250 and —160 mV at pH =7
and —150 and —140 mV at pH = 13 (vs. PSS), for [1]-Cls and [1],
respectively. It is noteworthy that E;, is 1.32 V, only 0.09 V away
from the thermodynamic value of 1.23 V. All this is consistent
with the title that states “How to switch from a poor PEDOT:X
oxygen evolution reaction (OER) to a good one.”
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Table 7 Values for 519 and n obtained for PEDOT:PSS, PEDOT:Csl[1]
and PEDOT:Cs[1]-Clg in order to compare the water oxidation catalytic
power

pH=7 pH = 13

Mo UET)

vs. vs.
Sample Eio [VI 710 PSS Eio [V 710 PSS
PEDOT:PSS 1.722 0.492 0 1.602 0.372 0
PEDOT:[I] 1.599 0.369 —0.123 1.503 0.273 —0.099
PEDOT:[I]—C16 1.489 0.259 —0.233 1.453 0.223 —0.149

pH=7 pH =13

Sample E[V] 7 nvs. PSS E[V] 1 n vs. PSS
PEDOT:PSS 1.496 0.266 0 1.387 0.157 0
PEDOT:[I] 1.336 0.106 —0.16 1.245 0.015 —0.142
PEDOT:[I]—C16 1.248 0.018 —0.248 1.24 0.01 —0.147
Discussion

As the name indicates, conducting organic polymers (COPs) are
predominantly current conducting but they also have an elec-
trochemical response that results in a dependence of the
current on the applied potential, producing a redox process. In
general, in the reduced form, they do not carry current and in
the oxidized form they do, although the current decreases at
high oxidation potentials due to over-oxidation phenomena
that deteriorate the conjugated electronic system. When they
are in the oxidized form, i.e., conductive, they require anions to
compensate for the positive charges generated in the polymer.
Therefore, this relates electrical conduction to the redox
phenomena, but refers only to the polymer itself. Can this
conductivity be modified by the redox properties of the doping
agent? The answer is yes, as we have demonstrated. In almost
all existing COPs the dopant is not redox active; an example is
PSS that is a typical dopant of PEDOT. Hence, in this work on
PEDOT we have used PSS as a reference polymer, PEDOT:PSS.
As we have pointed out in the introduction, redox polymers are
those that change their electrochemical properties with
a change in the oxidation state that must be reversible. We ex-
pected that the coexistence of two relevant electroactive species,
the COP itself and a well-defined redox reversible dopant, in the
same polymer, would lead to a remarkable synergy, and indeed
it did. To achieve this, we have used molecules almost identical
in volume with a common scaffold,**** [Co(C,BoH14),]™ ([1]),
as doping agents. In this way, we can ensure that the internal
structure of the polymers was not affected. The difference
between the doping agents lies in the number of substituents
and their nature, grossly Cl and in one case I, [1]-Cl, (x = 2, 4
and 6) and [1]-Is. All substituents are in a second sphere of
influence to the metal. In this manner, the value of E; , has been
modulated. The higher the number of halogens, the more
positive the E;j, is, approaching or overlapping the range of
potentials in which there is a current associated with the voltage
in the PEDOT/PSS reference system. However, which are the
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physical properties in which the synergism between the two
redox systems is observed? The first property where synergy can
be seen is in the electropolymerisation process. The area within
the I/V curve is much larger for PEDOT:[1]-Cls than for the
others, with PEDOT:[1]-Is being the second largest, followed by
PEDOT:[1]-Cl, and PEDOT:[1]-Cl,. Interestingly, the negative
current is very prominent in the potential zone close to the
cathodic peak of PEDOT:[1]-Cls. A comparison of PEDOT:[1]-Clg
with the reference PEDOT:PSS shows a large difference in the
morphology and area of the two, expressing the relevance of the
redox activity of the doping agent and its E,. This was with
regard to electropolymerization alone, but what about the CV of
these materials in water with one electrolyte, in our case
Na,SO,. The study of their capacitance (C) indicates that C
parallels with the E;j, of [1]-Cl,. In this manner, the C data
follow the order PEDOT:[1]-Cls > PEDOT:[1]-Is = PEDOT:PSS >
PEDOT:[1]-Cl, = PEDOT:[1]-Cl,. The relationship between
electrochemical behavior and E;/, has been clearly reflected in
the two previous experiments. Due to their nature, an electrolyte
was required in all of the studies; however, we have already
mentioned that the characteristic of a COP was the electrical
conductivity and have already shown that there is a relationship
between electrical conductivity and electrochemical behavior.
This has been evidenced by the study of in-plane electrical
conductivity. The same pattern of behavior observed between
electrochemical performance and E;/, has been reproduced in
this case. If the former was true the trend PEDOT:[1]-Cls >
PEDOT:[1]-Is = PEDOT:[1]-Cl, > PEDOT:[1]-Cl, was expected, as
indeed it occurs. Noticeably, electrochemically synthesized
PEDOT:PSS was the least conducting, but it was in-fact more
conductive than commercial PEDOT:PSS. Interestingly, the
ionic conductivity also follows a comparable trend,
0'PEDOT:[1]-Cl, > o'PEDOT:[1]-Cl, > ¢'PEDOT:1]-Cl, >
o'PEDOT:[1]-Is ~ ¢'PEDOT:PSS. However, when it is represented
by activation energy E, and AH**, even with slight alterations,
we note that larger conductivities relate to a smaller E, and
AH**; E, follows the trend PEDOT:[1]-Cls < PEDOT:PSS =
PEDOT:[1]-Cl, < PEDOT:[1]-I < PEDOT:[1]-Cl,.

Hereby the position of PEDOT:[1]-Is has changed with respect
to the position it occupied in the in-plane conductivity, but this is
not strange considering that in the case of ionic conductivity the
size of the ions is important and therefore there is no doubt that
with the same number of substituents the iodinated derivative is
larger than the chlorinated one, which explains the possible
change of position. As indicated above, the dopant has approxi-
mately the same volume if the nature of the substituent(s) is the
same or very similar, as has been observed in crystals that can be
considered as solid solutions. Therefore, the stability of the
material can also be related to E,,, in case the stability of the
material increases as E;;, approaches the center of the redox
transition of the polymer. If we look at the degradation curves as
a function of T, analyzed by TGA (Fig. S4t), we see that the most
stable one is PEDOT:[1]-Cls > PEDOT:[1]}-Cl, > PEDOT:[1]-Cl, >
PEDOT:PSS. An identical order of stability is observed by checking
the stability by linear sweep voltammetry, therefore relating
thermal stability and electrochemical stability to E;, as the
number of monomers in the polymer and the number of doping

This journal is © The Royal Society of Chemistry 2022
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agents per monomer varies with the substituents; PEDOT:[1]-Cl,
=~ PEDOT[1]}-Cl; = PEDOT:[1]-Cl, show a monomer : doping
agent ratio of 3 : 2, whereas for PEDOT:[1]-5 the ratio is 5 : 2.

In all these experiments we have seen how a redox active
doping agent has been able to modify the properties of a COP.
The question for us was can it be that a COP alters the prop-
erties of the doping agent? We have previously indicated that
most probably the E, of the Co®"'** couple was changed
towards more affordable reduction values. Could it be that the
Co*®* pair also modified towards more accessible oxidation
values? A good experiment to ascertain this, as well as having
enormous energy and environmental relevance, was the split-
ting of water into O, and H,. In our case, we have focused on the
oxidation of water. Recently [1] has been used for the oxidation
of alcohols by applying UV radiation, obtaining excellent results
with a [1]: substrate ratio of 1 : 10 000.*

The redox couple to which the photocatalytic effect is attrib-
uted is Co*"**. This motivated us to think that [1] could also act
as an electrocatalyst. However, the redox potentials of the three
redox couples in their pristine forms are: for [Co(C,BoH,1),* /%~
—2.29, for [Co(C,BoH,1),]'"*~ —1.40 and for [Co(C,BoH,1),]"*~
+1.56 with reference to Ag/AgCl, that correspond to Co>"**, Co®"
2* and Co*"**, respectively.** At first, the Co*"** value is outside
the limits to be an interesting catalyst for water oxidation but if it
is embedded in a polymeric matrix the E;, could be more
accessible. It is well known that secondary coordination sphere
interactions can fine tune the E° within proteins that share
similar primary coordination spheres by values ranging 500 mV,
and hydrogen-bonding network around the metal center is also
a prominent factor in tuning the E°.***

[1] has a high capacity to form hydrogen and dihydrogen
bonds and therefore it was possible that its £ was influenced
within the PEDOT matrix, increasing its electrocatalytic capacity,
as shown in the results above. So, we wanted to demonstrate that
[1] has influenced the properties of PEDOT but surprisingly,
PEDOT also has influenced the properties of [1]. The combina-
tion of two elements, that would not be suitable to produce very
acceptable values of overpotential (n) in the oxidation of water
separately, by synergy generates a material that demonstrates the
possibility to convert a bad catalyst for the oxidation of water into
a ‘good one’ that shows very interesting possibilities.

Experimental section
Chemicals required

3,4-Ethylenedioxythiophene (EDOT) and sodium poly(-
styrenesulfonate) (PSS) were purchased from Sigma-Aldrich and
used without further purification. Cs[1] was obtained from
Katchem Spol.sr.o which was halo-derivatized following re-
ported procedures®*°** and characterized (refer to the ESI for
further details).}

Electro-polymerization of PEDOT:[1]-X (X = Cl,, x = 2, 4 and 6;
Is) and PEDOT:PSS

The electro-polymerization of PEDOT with metallacarboranes
was performed using a potentiostat/galvanostat AutoLab

This journal is © The Royal Society of Chemistry 2022
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PGSTAT302N by the technique of cyclic voltammetry at room
temperature using an in-house one compartment three elec-
trode cell. The system consisted of glassy carbon as the working
electrode, Ag/AgCl (3 M KCl) as the reference electrode and Pt
wire as the counter electrode. All the electrodes were polished
prior to use to ensure the removal of any oxidative layer. Electro-
polymerization involved using 10 mM Cs[1]-X with 10 mM
EDOT in dry acetonitrile in a potential range of —1.3 to +1.65 V
vs. Ag/AgCl with a scan rate of 50 mV s~ for 20 cycles. Similarly,
the electro-polymerization of PEDOT:PSS was performed in
water using the same concentrations of EDOT and PSS as before
with a potential range of —1 to +1.5 V vs. Ag/AgCl, with the same
scan rate and number of cycles.

The as-synthesized polymers were characterized using
different techniques such as SEM, XPS, FTIR and TGA. SEM
studies were performed in a SEM Quanta 200 FEG-ESEM
coupled to an EDX spectrometer for the elemental analysis of S
and Co, operating at an acceleration voltage of 15 kV and low
vacuum of 50 Pa. The samples were prepared by deposition on
a carbon tape. XPS measurements were performed at room
temperature with a SPECS PHOIBOS 150 hemispherical
analyzer (SPECS GmbH, Berlin, Germany) at a base pressure of 5
x 107 mbar using monochromatic Al Ko, radiation (1486.74
eV) as the excitation source operated at 300 W. The energy
resolution as measured by the FWHM of the Ag 3ds/, peak for
a sputtered silver foil was 0.62 eV. The FTIR spectra were
recorded using a single-reflection ATR diamond crystal acces-
sory in a JASCO FT/IR-4700 spectrometer between 600 and 4000
em~ ! with a resolution of 4 cm™". The thermal stability of the
polymers was analysed using a NETZSCH-STA 449 F1 Jupiter
apparatus. All samples were weighed in alumina crucibles and
were heated in a nitrogen flow (40 mL min ") at a heating rate of
10 K min™ ' from 298-1173 K.

Preparation of PEDOT:[1]-X (X = Cl,, x = 2, 4 and 6; 1) and
PEDOT:PSS pellets

30-40 mg of the powdered compounds was finely pulverized
using a mortar and pestle. The pulverized compounds were
then subjected to a force of 10 tons for 2 minutes in a pellet-
forming device to obtain the pellets for the conductivity studies.

Electrochemical studies

The electrochemical capabilities of the polymers were explored
using cyclic and linear sweep voltammetry in a 3-electrode
system. The polymer coated glassy carbon was used as the
working electrode whereas Ag/AgCl and Pt wire were used as the
reference and counter electrodes, respectively. The CV experi-
ments were performed in 0.1 M Na,SOy(,q) between —1.8 and
+0.8 V vs. Ag/AgCl with a scan rate of 100 mV s~ while the LSV
experiments were performed at 0 to +1.5 V vs. Ag/AgCl with
a scan rate of 0.5 mV s, also using 0.1 M Na,SO4(aq)-

Calculating the electrochemically active surface area

The electrochemically active surface area (ECSA) is calculated by
dividing the double layer capacitance (Cpy,) of the impregnated
electrode by the specific capacitance (Cs) of the impregnated
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material in the electrode. With this relationship, the ECSA is
obtained (eqn (3)). The Cpy, of the different systems was esti-
mated using CV. A 0.1 V non-faradaic window was chosen from
the LSVs, where no redox processes occur, and all the measured
current is due to double-layer charging. Based on this
assumption, the i can be calculated as the product of the elec-
trochemical Cpy, and the scan rate (v) (eqn (4)). Plotting i as
a function of » yields a straight line with a slope equal to Cpy,
both in oxidative and reductive currents. In this manner, 5
different scan rates were used (5, 25, 50, 75 and 100 mV s~ ),
holding the working electrode at each potential vertex for 10
seconds before the next step (Fig. S107). Once Cpy, was obtained,
it was divided by the Cg of PEDOT:PSS.

CD L

ECSA = -2 (3)

i= VCDL (4)

Conductivity studies using the four-probe method

The electrical conductivity of the samples was measured using
the four-probe method, having them electro-deposited on ITO
substrates. The measurements were repeated three times to
ensure reproducibility. The sample thickness was measured
using a profilometer.

Electrochemical impedance (EIS) studies

Impedance measurements were carried out for all the samples
at distinct temperatures, from 293-473 K, with a frequency
window of 10" < f< 107 Hz. The experiments were performed at
100 mV amplitude, using a Novocontrol broadband dielectric
spectrometer (Hundsangen, Germany) integrated with an
SR830 lock-in amplifier with an alpha dielectric interface.
Experimentally, 100 mV was chosen as the appropriate voltage
to attain a linear response. Thus, two gold electrodes were
attached to both sides of the sample by co-pressing the
synthesized COPs in a sandwich cell configuration. The EIS
measurements performed  following  reported
procedures.***

Briefly, the assembled membrane-electrode was annealed in
the Novocontrol setup under an inert N, atmosphere. The
measurements were carried out in two temperature cycles
wherein, in the first cycle the temperature was increased from
ambient temperature to 473 K and then lowered to 293 K, while
in the other cycle the temperature was increased from 293 to
473 K, both in steps of 20 K with the measurement of the
dielectric spectra.

were

Water oxidation catalysis

PEDOT films were electrochemically made and deposited on the
flat surface of a glassy carbon electrode, as described above, and
doped with the representative doping anions, PSS, [1], and [1]-
Cls, leading to the formation of PEDOT:PSS, PEDOT:[1], and
PEDOT:[1]-Clg, respectively. These were then set in a three

16190 | J Mater. Chem. A, 2022, 10, 16182-16192

View Article Online

Paper

electrode system having the doped-PEDOT coated glassy carbon
as the working electrode, Ag/AgCl as the reference electrode and
Pt wire as the counter electrode with 0.1 M KNO; for pH = 7 and
0.1 M NaOH for pH = 13 as the electrolytes. The studies were
carried out at a neutral pH and at pH 13. The materials were
studied by applying precisely the same conditions to all, and the
current was measured against an increasing anodic voltage in
order to have an accurate comparison of all the three materials,
with PEDOT:PSS as the reference. Linear sweep voltammetries
were deconvoluted by taking the PEDOT:PSS curve fitted to the
PEDOT:X curves where Co*”** oxidation was deconvoluted
using the solver function of Microsoft Excel 2018 in order to fit
the oxidation Gaussian function (eqn (S1)1) in the original
curve.

Conclusions

With this work, we aimed to study the synergistic effect between
two intimately blended, highly stable and reversible redox active
components, the 6 shaped 3D aromatic metallacarborane and
PEDOT, with particular interest in the water oxidation reaction.
[Co(C,BoH;14),] ", being the most stable representative, and its
halo-derivatives, [1]-Cl, (x = 2, 4 and 6) and [1]-Is, were chosen
as the redox doping agents. To obtain charge neutrality while
avoiding excessive domains of opposite charges in the polymer
as homogenously as possible, the composite was synthesized by
electropolymerization with a monovalent doping anion. Even
though anions such as ferro/ferricyanide or POMs fulfill the
requirements of stability and redox reversibility, the lack of
atunable E;,, and a high load of negative charge on a single spot
make them less attractive compared to metallacarboranes. The
metallacarborane discussed in this work, [1], can be halo-
derivatized in a stepwise manner to yield anions with distinct
Ey;, values having lower charge densities. The reference
PEDOT:PSS in aqueous 0.1 M Na,SO, at 100 mV s~ produces
a capacitive response from —0.9 to +0.8 V vs. Ag/AgCl. Therefore,
[1] and its halo derivatives, [1]-Cl, (x = 2, 4 and 6) and [1]-I¢, are
better suited to study the synergy between the redox reversible
components of the dual redox materials.

The synergy is notably seen initially in the CV recorded
during the preparation of the composite where a series of
sequential snapshots for the evolution of each of the reagents
are seen. Particularly, it is evident that over the course of time
native [1] disappears and is integrated into the dual redox
material. Hence, the native redox properties of metal-
lacarboranes are altered when incorporated into the polymer
matrix of PEDOT. Due to the synergy, it can be expected that the
properties, particularly the electrochemical properties, of the
dual redox material would not simply be an accumulation of
each of the individual components, but rather a well-integrated
one. An evidence for the synergy is that the CV recorded for the
dual material which is radically different from that of the
reference, PEDOT:PSS, and has intense peaks due to the doping
agents but at different potentials from their native values.
Remarkably, even though all the derivatives had their native E;,
values altered in the dual material, the differences between the
values were similar to the ones observed for the doping agents

This journal is © The Royal Society of Chemistry 2022
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alone. The closer the native value of [1]-Cl, to 0, which is the
center of the capacitive curve for PEDOT:PSS, the more
enhanced is the property observed. This is observed for specific
capacitance studies where the trend followed for PEDOT:[1]-Cl¢
is x = 2 < 4 < 6, with 6 being the highest and two-fold higher
than that for PEDOT:PSS. A similar trend is also observed for the
conductivity, both electrical and ionic, studies where the refer-
ence has the lowest conductivity in comparison to the others.
The activation energies agree with this trend as the charge
transport is thermally activated.

Reciprocally, it has been shown that the properties of the
dopant are modified by the polymer. Thus, due to its high E;,,
the Co*"®" couple would not be an efficient electrocatalyst for
water oxidation but when it is immersed in the PEDOT matrix
the Co*"*" potential is more accessible, probably due to the
secondary coordination sphere interactions and importantly
the capacity of [1] to form hydrogen bonds with itself and with
PEDOT so that very low overpotential values are obtained, which
justifies the title of the work, How to switch from a poor PEDOT:X
oxygen evolution reaction (OER) to a good one.

This work can be considered as an initial step towards better
conducting materials with tunable redox potentials and
enhanced electrochemical properties.
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