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ABSTRACT: In this study, films of perfluoro-functionalized 0.0
poly(3,4-ethylenedioxythiophene) [poly(EDOT-F)] were pre- |l
pared directly through electropolymerization for use as catalysts <
for the oxygen reduction reaction (ORR), applying the rotating ‘2‘1‘6'
ring disk electrode technique. Poly(EDOT-F) operated catalyti- 8 L4l
cally through a two.-electron an.d/ or mixed pathway. Spinel C03Q4 POly(EDOTH) ~ 4 i |
nanospheres were introduced into poly(EDOT-F) to enhance its P g -
ORR performance and electron transfer number (n). Benefiting ) "‘&\\ ;2-4.0 [Poly(EDOT-E
(=]

from its unique interconnected pore structure and its resemblance
to the binder Nafion, poly(EDOT-F) could be used as a single
replacement for both the binder and the carbon support required
for the spinel Co;O, nanospheres. The Co;0,/poly(EDOT-F)
composite, when used as an electrode, exhibited a limiting current
density of —4.761 mA cm ™2 at 0.18 V (vs RHE) (cf. 20% Pt/C: —3.615 mA cm™2), an onset potential of 0.99 V (cf. 20% Pt/C: 0.938
V), and a half-wave potential of 0.628 V (cf. 20% Pt/C: 0.727 V) in 0.1 M aqueous KOH. The electron transfer number of the
Co0;0,/poly(EDOT-F) nanocomposite in the ORR was 3.84, suggesting a desirable four-electron pathway. This high electrocatalytic
activity presumably resulted from the synergistic effect of the Co;O, nanospheres and the poly(EDOT-F) polymer, which created
many more active sites, enhanced the electron transfer kinetics, and eventually improved the ORR performance.
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1. INTRODUCTION methanol crossover, and low durability.’ To obviate these
issues affecting the commercialization of PEMFCs, efforts are
continuing to develop cost-effective, highly stable, and
environmentally abundant nonplatinum and/or metal-free
electrocatalysts for the ORR.” ™'

Several conducting polymers have been investigated as
effective metal-free electrocatalysts for the ORR, including
polypyrrole (PPy),""'* polyaniline (PANT),">'* and poly(3,4-
ethylenedioxythiophene) (PEDOT)."*'® These polymers act
not only as efficient ORR electrocatalysts but also as

Fossil fuels are of paramount importance to the global energy
supply. Although relatively inexpensive, their combustion
releases large quantities of CO, and other greenhouse gases
into the atmosphere, arguably the main cause of climate
change and global warming.l’2 Accordingly, there is enormous
demand for clean and environmentally friendly alternatives to
conventional fossil fuels, ideally renewable and functioning
with lower CO, emissions. Among the most promising
renewable energy technologies are fuel cells, which function

with high energy densities, high efficiencies, and low CO, c9nductive supports (replacing the typically used carbon), as

emissions. Fuel cells exploit the electrochemical oxidation of a binders (replacing Nafion, the most commonly used material

fuel [e.g, H, on the anode, in the case of proton exchange that accounts for almost 40% of the cost of the reaction cell),
11-35

membrane fuel cells (PEMFCs)] and reduction of an oxidant and as precursors for pyrolyzed M-Nx/C catalysts.

(e.g, O, on the cathode) to convert chemical energy into PEDOT has received the most interest ever since Winther-

electrical energy (with water as the only emitted byproduct for Jensen observed its ability to catalyze the ORR.'® PEDOT is

PEMFCs).> The sluggish nature of the reduction on the also used in many other electrochemical applications, including

cathode in a PEMFC means, however, that the cathode

requires a catalyst for the oxygen reduction reaction (ORR). Received: November 14, 2019

Platinum dispersed on carbon (Pt/C) has, so far, been the Accepted: January 3, 2020

most suitable catalyst for the ORR, exhibiting the highest Published: January 3, 2020

electrocatalytic activity.””> Nevertheless, Pt/C catalysts have
several drawbacks, including high cost, low tolerance to fuel/

© 2020 American Chemical Society https://dx.doi.org/10.1021/acsaem.9b02228
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sensors,”’ solar cells,”” organic 11§ht emitting diodes, 28 super-
capacitors, ? and Li-ion batteries®™' because of its low cost,
high electronic conductivity, good capacitive behavior, distinct
redox properties, mechanical flexibility, and high chemical
stability. In this regard, Winther-Jensen et al. revealed that
vapor-phase-polymerized PEDOT on a porous Goretex
membrane exhibited high ORR performance, 51m11ar to that
of Pt-catalyzed electrodes under parallel testing.'® In addition,
Abdelhamid et al. found that the electropolymerized PEDOT,
deposited from an ionic liquid (IL) in a sandwich configuration
onto a flexible carbon cloth electrode, was active for the ORR
over a wide pH range.”> Moreover, introducing new functional
groups to PEDOT enables tuning of its electrochemical
properties.”> Nevertheless, the influence of such functional
groups on the ORR performance has not been investigated
previously. Consequently, in this study, two functionalized—
hydroxyl and perfluoro—PEDOT derivatives were synthesized
as new materials displaying excellent performance and tested
for their use in the ORR. Their functionalization was
performed through incorporation of the functional groups
during the synthesis of their monomers.””

The ORR proceeds generally through one of two pathways
in alkaline media: (i) a four-electron pathway, in which each
O, molecule is completely reduced to hydroxide (eq 1), or (ii)
a two-electron pathway, in which each O, molecule is partially
reduced to a hydrogen peroxide anion (HO,™) (eq 2), which is
then further reduced to hydroxide through another two-

electron pathway (eq 3).>**
0, + 2H,0 + 4e” — 40H" (1)
O, + H,0 + 2¢” - HO; + OH™ (2)
HO, + H,0 + 2¢" — 30H™ (3)

The electron transfer number (n) is a key parameter when
assessing the ORR performance. A high value of # leads to the
production of H,O as the only byproduct (according to eq 1)
without any H,O,, thereby protecting the PEMFC from
deterioration. The literature suggests that the ORR at a
PEDOT surface proceeds through the two overall pathways (i)
and (ii), depending upon several factors, including the
polymerization method (electro-, chemical-, or vapor-phase
polymerization), morpholo s synthesis solvent, and presence
of metal oxides.'>'¥7*%*%*>°% Eor example, Abdelhamid et al.
revealed that the ORR proceeds through the two-electron or
mixed reduction pathway in an alkaline electrolyte at PEDOT
[polymerized from the ionic liquid 1-butyl-1-methylpyrrolidi-
nium bis(trifluoromethylsulfonyl)imide (C4mpyrTFSI)] in a
sandwich configuration on flexible carbon cloth electrodes (n =
2.7).>* Shi et al. reported that the ORR proceeds through the
two-electron pathway at PEDOT:PSS (n = 2.0-2.2).%°
Moreover, Zhang et al. noted that the electron-transfer
numbers for H,SO,-treated PEDOT:PSS/rGO composites
were 3.3—3.8, significantly higher than those of PEDOT:PSS
(2.0-2.2) and rGO (2.3—2.8) electrodes, the result of the
increased conductivity of PEDOT and the further reduction of
rGO by concentrated H,SO,.*® Furthermore, Vigil et al. found
that the incorporation of transition metal oxides (MnO,,
PdO,) into PEDOT polymers increased the preference of the
four-electron pathway, as well as the ORR performance, due to
improved conductivity and electron transport.'®~*°

The normal spinel tricobalt tetraoxide (Co;0,) nanostruc-
ture, with mixed oxidation states of Co** (3d’) occupying
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tetrahedral sites and Co®* (3d°) occupying octahedral sites, is
one of the most promising alternatives to platinum and rare
metal oxides (e.g, RuO,, IrO,) for use as a catalyst for the
ORR due to its low cost, excellent catalytic properties, earth-
abundance, and high corrosion stability.”™” Nanostructured
Co30, has been applied in many fields, including lithium-ion
batteries, electrochemical capacitors, electrochromic devices,
gas sensors, and catalysts.”’~* In addition, Co;0, nanostruc-
tures of var1ous morphologles, 1nc1ud1ng nanospheres,46
nanocubes,*”*® nanoparticles, >* panoflakes,”* nanowires,***°
nanorods,”** and nanosheets,”> have been examined for the
ORR. Typically, these nanostructures have been deposited on
the working electrodes using conventional methods (drop-
casting) that require ancillary materials (binders), thereby
decreasing the electrocatalytic activity of the nanostructured
Co;0, toward the ORR.>”**** Moreover, the electrocatalytic
performance of the nanostructured Co;0, is affected by its
poor electric conductivity, which may, however, be improved
through support on a conducting material.*”*® Therefore,
combining Co;0, nanospheres with PEDOT-based polymers
might be an effective strategy for merging all of these attractive
features and fulfilling the requirements for high-performance
nanocomposite electrode materials for the ORR: a greatly
increased number of surface active sites, strong synergetic
coupling, and enhanced electron transfer.

In this study, pure PEDOT and two functionalized
PEDOTs—namely hydroxymethyl and perfluoro-function-
alized PEDOTs [poly(EDOT—OH) and poly(EDOT-F),
respectively; Figure 1]—were prepared as nanostructured

OVCGFn

r(

PEDOT pon(EDOT -OH) pon(EDOT F)

Figure 1. Molecular structures and abbreviated names of the
(functionalized) PEDOTs used in this study.

materials through facile syntheses involving electropolymeriza-
tion onto glassy carbon from CH,Cl, solutions containing
tetrabutylammonium hexafluorophosphate (Bu,NPFy) as a
supporting electrolyte at an anodic potential. These functional
groups provided not only different chemical structures but also
different surface properties: the hydroxymethyl groups
provided a hydrophilic surface, and the perfluorocarbon groups
provided a superhydrophobic surface. To the best of our
knowledge, functionalized nanostructured PEDOT polymers
have not been investigated previously as cathode catalysts for
the electrocatalytic ORR. Therefore, the influence of these
functional groups on the ORR performance was examined.
Each of these polymers functioned catalytically through a two-
electron and/or mixed pathway. Subsequent blending of the
nanostructured Co;0, with the pure and functionalized
PEDOT-based conducting polymers greatly promoted the
preference for the four-electron mechanism, the result of
improvements in the electrochemical surface area and the
electron transport. Indeed, the Co;0,/poly(EDOT-F) nano-
composite exhibited a four-electron pathway with a value of n
of 3.84.

https://dx.doi.org/10.1021/acsaem.9b02228
ACS Appl. Energy Mater. 2020, 3, 1171-1180
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2. RESULTS AND DISCUSSION

2.1. Characterization of Catalysts. Field emission
scanning electron microscopy (FE-SEM) images were
recorded to examine the morphologies of the polymers. Figure
2 presents SEM images of the electropolymerized PEDOT,

Figure 2. FE-SEM images of electropolymerized (a) PEDOT, (b)
poly(EDOT—OH), and (c) poly(EDOT-F) on glassy carbon
substrates. Scale bar: 1 ym.

poly(EDOT—OH), and poly(EDOT-F) nanostructures on
glassy carbon substrates. The morphologies were, in general,
tubular and/or interconnected pores, with the degrees of
ordering and density depending on the functional group
attached to the monomer. PEDOT formed an interconnected
pore structure having a small pore length with some of its
pores blocked (Figure 2a); poly(EDOT—OH) formed
randomly distributed nanotubes with lower degrees of ordering
and density (Figure 2b), and poly(EDOT-F) formed uniform
interconnected pore structures with well-ordered longer pore
length, very thin walls, and higher density (Figure 2c). To
explore how the functional groups affected the shapes and
lengths of these structures, the electropolymerization current—
time (I—t) curves of PEDOT, poly(EDOT—OH), and
poly(EDOT-F) obtained under a constant applied voltage of
+1.4 V (vs Ag/Ag") at 25 °C were recorded (Figure S1). The
electropolymerization currents decreased in the order poly-
(EDOT-OH) > PEDOT > poly(EDOT-F) (Figure S1). For
PEDOT, the electropolymerization current initially decreased
slightly upon increasing the time due to the limited supply of
monomers through diffusion, indicative of fast polymerization.
Interconnected pores formed in this case as a result of the
rapid rate of polymerization and the insufficient monomer
supply.”®> Thereafter, the electropolymerization current in-
creased slightly, suggesting a sufficient supply of diffusing
monomers; that is, at this point, the monomers in the bulk
solution had sufficient time to diffuse into and block some
pores.” Functionalization of EDOT with a hydroxymethyl
group gave the monomer EDOT-OH, for which the
electropolymerization rate increased and the polymerization
time decreased (Figure S1). Therefore, the hydroxyl functional
groups of the EDOT—OH monomer facilitated its electro-
polymerization to poly(EDOT—OH) while also affecting the
polymer growth and morphology. Accordingly, we observed
randomly distributed, less-dense, and less-ordered nanotubes,
presumably the result of much higher rates of electro-
polymerization and sufficient supplies of monomers—that is,
there was not enough time for the growth and formation of
uniform, well-ordered nanotubes. Further functionalization of
EDOT—-OH with a perfluoro unit gave the monomer EDOT-
F; the presence of its bulky side chain decreased the
polymerization rate and increased the polymerization time
(Figure S1). Therefore, the EDOT-F monomers had sufficient
time to diffuse from the bulk solution. Accordingly, poly-
(EDOT-F) formed uniform interconnected pore structures
with well-ordered longer pore length, very thin walls, and high
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density. The shapes and lengths of these structures were all
dependent on the functional groups present in the monomers.

Figure 3 presents SEM images of the Co;0,/PEDOT,
Co0,0,/poly(EDOT—OH), and Co;0,/poly(EDOT-F) nano-

Figure 3. FE-SEM images of (a) Co;0,/PEDOT, (b) Co;0,/
poly(EDOT—OH), and (c) Co;0,/poly(EDOT-F) on glassy carbon
substrates. Scale bar: 1 pm.

composites on glassy carbon substrates; Figure S2 displays X-
ray diffraction (XRD) patterns of the Co;O, nanoparticles,
while Figure S3 presents high-magnification SEM and
transmission electron microscopy (TEM) images of the pure
Co,0, nanoparticles and Co;0,/poly(EDOT-F) nanocompo-
site. The formation of the Co;0, nanoparticles was confirmed
from the XRD data.***> The diffraction peaks of the Co;0,
nanoparticles were in good agreement with those of the
standard Co;0, (JCPDS card: 42-1467). The Co;0, nano-
particles appear to be homogeneously distributed on the
polymers in Figures 3a—c due to the homogeneous
distribution of the functional groups on the polymers’ surfaces
acting as anchoring sites for the Co;0, nanoparticles. High-
magnification SEM images (Figure S3a and S3b) revealed
spherical structures for the pure and supported Co;O,
nanoparticles with diameters of 15—36 nm. Moreover, Figure
3c reveals that the Co;0, nanoparticles filled the pores of
poly(EDOT-F) polymer. We estimated the pore diameters of
poly(EDOT-F) to be within the range 300—600 nm. The
TEM image revealed a spherical morphology for the pure
crystalline spinel Co;0, nanocrystals with an approximate
diameter of 15—36 nm (Figure S3c).

X-ray photoelectron spectroscopy (XPS) was used to
characterize the chemical structure of the Co;0,/poly-
(EDOT-F) nanocomposite. Figure 4a presents the XPS survey
spectrum of the Co;0,/poly(EDOT-F) nanocomposite
catalyst. The XPS full spectrum featured signals for the
elements Co, F, S, O, and C along with Co, O, and F Auger
peaks, confirming the existence of both Co;O, and poly-
(EDOT-F) in the catalyst sample.”*”*°"®* An XPS depth-
profile revealed the variations in the atomic concentrations of
the elements Co, F, S, and O in the Co;0,/poly(EDOT-F)
catalyst layers. To obtain the depth profile, XPS spectra were
recorded after subjecting the Co;0,/poly(EDOT-F) layers to
a series of Ar" jon beam etchings. Figure 4b reveals that the
atomic concentrations of Co 2p, F 1s, S 2p, and O 1s all
decreased continuously upon increasing the sputter time [0—
20S min; the latter resulting in the removal of ca. 93% of the
Co;0,/poly(EDOT-F)] as the XPS measurement point
approached the glassy carbon substrate. This behavior suggests
that the Co;0, nanoparticles were uniformly and homoge-
neously distributed within the pores of the polymer; therefore,
the Co;0,/poly(EDOT-F) nanocomposite catalyst could be
considered as featuring just one layer, rather than two.

Figures 4c and 4d and Figures S4a and S4b provide
characteristic high-resolution Co 2p, F 1s, S 2p, and O 1s XPS
spectra, respectively, recorded from the Co;0,/poly(EDOT-
F) catalyst surface before and after sputtering with an Ar* ion

https://dx.doi.org/10.1021/acsaem.9b02228
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Figure 4. (a) XPS survey spectrum of the Co;0,/poly(EDOT-F)
nanocomposite catalyst. (b—d) Depth profiles of the Co;0,/
poly(EDOT-F) nanocomposite catalyst after Ar* ion beam etching:
(b) atomic ratio profile of each element in each layer after exposure
for various etching times; (c) Co 2p and (d) F Is regions.

gun for various times. Apparent differences appeared in the
spectra for these characteristic signals. Prior to etching, the
XPS spectrum for Co 2p (Figure 4c) featured two major peaks
with binding energies centered at 780 and 794.5 eV,
corresponding to Co 2p3/2 and Co 2p1/2, respectively, with
a spin-energy separation of 14.5 eV, which is characteristic of a
spinel Co;0, phase, in good accordance with the XRD data
(Figure §2).7465% 1n addition, weak 2p satellite features for
the Co;0, spinel appeared near 789 and 805 eV, characteristic
of a spinel structure in which Co*" cations occupy octahedral
lattice sites and Co?* cations occupy tetrahedral sites.””*" After
etching with Ar" ions, the positions of the Co 2p peaks shifted
to slightly higher binding energies (centered at 783 and 799
eV, with a spin-energy separation of 16 eV); in addition, the
peak heights decreased continuously upon increasing the
sputter time. Moreover, the Co 2p peaks exhibited two intense
satellite peaks at lower binding energies of 788.5 and 803.5 eV,
attributable to the Co®" oxidation state, suggesting that a
portion of the Co®* ions had been reduced to Co** and formed
new oxygen vacancies, consistent with previous reports of the
conversion of Co;0, to CoO upon Ar" ion sputtering.”'“’57
Co atoms were, however, detected, even near the substrate,
suggesting that Co;O, diffused into the pores of the
poly(EDOT-F) polymer.

Figure 4d presents the F 1s XPS spectra of the Co;0,/
poly(EDOT-F) nanocomposite catalyst. Although fluorine has
different binding energies in different polymers, F 1s is very
symmetrical and always fittable by a single component. Prior to
etching, the spectrum exhibited one major peak having a
binding energy centered at 688.5 eV, corresponding to the
fluorine atoms of poly(EDOT-F), presumably C—F semi-ionic-
bonded fluorine atoms.***” Figure 4d reveals that the fluorine
signal from poly(EDOT-F) appeared at the surface of the
Co0,0,/poly(EDOT-F) nanocomposite catalyst, indicating that
the Co;0, nanoparticles did not block the polymer layer but
had instead entered the pores of the polymer. After etching
with Ar* ions, the F 1s peak shifted to a lower binding energy
centered at 685 eV, corresponding to C—F ionic-bonded
fluorine atoms;*® thus, etching with Ar" ions converted the C—
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F semi-ionic bonding into ionic bonding. In addition, the peak
heights decreased continuously upon etching, consistent with
the removal of some polymer layers. In this regard, Lee et al.
demonstrated that the fluorine atoms induce the carbon atoms
to possess a positive charge and improve the activity of the 7-
electrons of the carbon atoms, resulting in improved
adsorption of oxygen and enhanced ORR activity.”* In
addition, Panomsuwan et al. concluded that fluorine atoms
bonded to carbon atoms of ionic and semi-ionic types play the
role of electron acceptors, thereby facilitating charge transfer
between the fluorine and carbon atoms and enhancing the
conductivity and modifying the electronic properties of the
pristine carbon atoms.” Therefore, the tubular morphology
and the active semi-ionic C—F bonds would be expected to
enhance the ORR performance of both the poly(EDOT-F)
polymer and Co;0,/poly(EDOT-F) nanocomposites.

Figure S4a provides the S 2p XPS spectra of the Co;0,/
poly(EDOT-F) nanocomposite catalyst. Prior to etching, the
spectrum featured two major peaks with binding energies
centered at 163.5 and 165 eV, corresponding to the sulfur
atoms of poly(EDOT-F).'”***" After etching with Ar* ions,
the S 2p peak centered at 165 eV shifted to slightly lower
binding energy centered at 164 eV. In addition, the peak
heights decreased continuously upon etching, suggesting the
removal of sulfur-containing functional groups. Figure S4b
displays the O 1s XPS spectra of the Co;0,/poly(EDOT-F)
nanocomposite catalyst. Prior to etching, the spectrum
exhibited two peaks with binding energies centered at 530
and 533 eV, corresponding to the oxygen atoms of the Co;0,/
poly(EDOT-F) nanocomposite catalyst. The signal at 530 eV
originated from the Co—O bonds of the spinel Co;0,
oxide,8’53"56’57 while the signal centered at 533 eV reflected
the *O=C—0, O=C—0%, and C—O bonds of poly(EDOT-
F).30 After etching with Ar" ions, the peak heights decreased,
indicative of the removal of oxygen-containing functional
groups.

2.2. Electrocatalytic ORR Performance. Cyclic voltam-
metry (CV) and linear sweep voltammetry (LSV) were used to
evaluate the ORR electrocatalytic performances of the
PEDOT, poly(EDOT—OH), and poly(EDOT-F) polymer
samples. Stable CV curves were recorded in the potential range
from 0.1 to 1.1 V (vs RHE) at 100 mV s~ in 0.1 M KOH
saturated with either N, or O,. Figure S presents the CV curves

Current density (mA cm?)

02 04 06 08

Potential (V vs. RHE)

1.0

Figure 5. CV curves of the (a) PEDOT, (b) poly(EDOT—OH), and
poly(EDOT-F) polymer catalysts on a glassy carbon RRDE in N,
(red line)- and O, (black line)-saturated 0.1 M KOH (scan rate: 100
mV s7h).
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of the electropolymerized PEDOT, poly(EDOT—OH), and
poly(EDOT-F) nanostructures on the glassy carbon rotating
ring disk electrode (RRDE). The ORR peak potentials and
water contact angles of the tested polymers are listed in Table
1. Featureless voltammetric currents were observed for the

Table 1. ORR Peak Potentials Obtained from CV Curves
(Figure 5); Limiting Current Densities (I, ), Half-Wave
Potentials (E,/,), and Onset Potentials Obtained from LSV
Curves (Figure 6a); and Contact Angles of Water Droplets
on PEDOT and Functionalized PEDOTs Prepared through
Electropolymerization on Glassy Carbon Substrates

peak onset
potential L, s E, potential  CA, e
polymer V) (mAem™) (V) V) )
PEDOT 0.641 —-2.329 0.625 0.810 55.6
poly(EDOT— 0.536 1996 0525 0750 23.5
OH)
poly(EDOT-F)  0.524 —3707 0603 0.982 154
Co,0, 1434 0522 0.720
C0,0,/ 2592 0664  0.830
PEDOT
C0,0,/ 2135 0525 0770
poly(EDOT—
OH)
Co,0,/ -4761  0.628  0.990
poly(EDOT-
F)
20% Pt/C -3.615 0.727 0.938

tested polymer samples in the N,-saturated solutions (Figure
5). In contrast, single broad cathodic peaks corresponding to
the ORR appeared for all of the polymer samples in the O,-
saturated solutions (Figure S). PEDOT displayed the most
positive ORR peak potential of 0.641 V (vs RHE) (Table 1).
After functionalization of PEDOT, the ORR peak shifted to a
slightly more negative potential, decreasing in the order
PEDOT > poly(EDOT—OH) > poly(EDOT-F) (Table 1).
To gain further insight into the electrocatalytic activity for
the ORR, LSV measurements on an RRDE were performed in
O,-saturated 0.1 M KOH at a scan rate of 10 mV s™' at a
rotation rate of 1600 rpm (Figure 6a). The characteristic
parameters for the ORR performance—the limiting current
density (I.), half-wave potential (E;;), and the onset
potential—obtained from the LSV curves at 1600 rpm are
listed in Table 1. The ORR activity increased in the order
poly(EDOT—OH) < PEDOT < poly(EDOT-F), as evidenced
from the limiting current densities for the ORRs of these
polymers (Figure 6a). Functionalization of EDOT with a
hydroxymethyl group shifted the half-wave potential to more
negative value and decreased the limiting current density (E, ,,:
0.525 V vs RHE; I;: —1.996 mA cm™) relative to those of
PEDOT (0.625 V and —2.329 mA cm ™, respectively). Further
functionalization of hydroxymethyl- EDOT with long-chain
perfluoro units shifted the half-wave potential to a more
positive value and increased the limiting current density (E, ,:
0.603 V vs RHE; I;: —3.707 mA cm ™) when compared with
those of poly(EDOT—OH). In addition, the onset potential
(Eonset: 0.982 V vs RHE) of poly(EDOT-F) was much more
positive than those of PEDOT (0.810 V) and poly(EDOT—
OH) (0.750 V), reflecting the improved ORR performance for
poly(EDOT-F) with respect to the other tested polymers. We
attribute the slight decrease in ORR performance after
hydroxymethyl functionalization to (i) the shifting of the
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Figure 6. (a) LSV curves of nonfunctionalized and functionalized
PEDOT polymer catalysts on a glassy carbon RRDE in O,-saturated
0.1 M KOH (scan rate: 10 mV s™%; rotation rate: 1600 rpm). (b)
Electron transfer numbers (1) calculated at various potentials based
on corresponding RRDE data. (c) LSV curves of poly(EDOT-F)
recorded at various rotation rates (0, 400, 900, 1200, 1600) in O,-
and N,-saturated 0.1 M KOH (scan rate: 10 mV s™).

ORR peak potential to a more negative value, relative to that
for PEDOT (Table 1), and (ii) poly(EDOT—OH) comprising
randomly distributed, less-dense, and less-ordered nanotubes,
accompanied by losses in porosity and a decrease in the
number of active sites (as revealed through SEM imaging).
Moreover, the observed ORR behavior over poly(EDOT-F)
could be imputed by the following factors. First, as SEM
revealed, poly(EDOT-F) possessed a uniform interconnected
pore structure with well-ordered longer pore length, which
would promote O, diffusion, facilitate electron transport, and
suppress Ostwald ripening, eventually enhancing the ORR
performance.’® Second, as confirmed through XPS analysis, the
fluorine atoms induced C—F semi-ionic active units. Previous
reports have stated that semi-ionic C—F bonds are more active
toward the ORR than are covalent C—F bonds****** in terms
of (i) highly increased adsor6ption of oxygen and (ii) activation
of O—0O bond cleavage.64’ ° Thus, the presence of fluorine
atoms in poly(EDOT-F), in the form of active C—F semi-ionic
bonds, affected the polymer’s electronic structure and created
new active sites for the ORR on the catalyst.

The quantification of the ring and disk currents induced by
the RRDE allowed accurate calculations of the values of n and
the intermediate peroxide percentages (%HO,™) based on the
collection efficiency of the instrument. The number of
electrons transferred (n) for the ORR at 1600 rpm (Figure
6b) and the corresponding values of %¥HO,™ produced at the
disk electrode (Figure SS) were calculated using eqs 6 and 7,
respectively. The calculated value of n during the ORR
decreased in the order poly(EDOT-F) > poly(EDOT—OH) >
PEDOT (Figure 6b); the corresponding values of %HO,~
produced at the disk electrode increased in the same order
(Figure SS). These results imply that the ORR processes
occurring at the investigated polymer electrodes proceeded
through two-electron and/or mixed pathways. Accordingly,
spinel Co0;0, nanospheres were introduced into these
polymers to enhance their ORR performance and their
preference for the four-electron pathway. Figure 6¢ presents
the ring (jr) and disk (jp) current densities obtained from the
LSV curves of poly(EDOT-F) measured at rotation speeds of
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0, 400, 900, 1200, and 1600 rpm in O,- and N,-saturated 0.1
M KOH. The LSV curves of PEDOT and poly(EDOT—OH)
electrodes in O,-saturated 0.1 M KOH, measured at a scan rate
of 10 mV s~ and various electrode rotating speeds, are
provided in the Supporting Information (Figures S6 and S7,
respectively).

Figure 7a presents the LSV curves of pure and supported
Co;0,-functionalized PEDOT catalysts on a glassy carbon
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Figure 7. (a) LSV curves of pure poly(EDOT-F), Co;0,, 20% Pt/C,
and Co;0,-supported functionalized PEDOT catalysts on a glassy
carbon RRDE in O,-saturated 0.1 M KOH (scan rate: 10 mV s™};
rotation rate: 1600 rpm). (b) Electron transfer numbers (n)
calculated at various potentials. (c) LSV curves of Co;0,/poly-
(EDOT-F) nanocomposite catalyst measured at various electrode
rotating rates in O,-saturated 0.1 M KOH (scan rate: 10 mV s™"). (d)
Koutecky—Levich plots for the Co;0,/poly(EDOT-F) nanocompo-
site catalyst measured at various electrode potentials.

RRDE in O,-saturated 0.1 M KOH. Table 1 lists the half-wave
potentials (E,,,), onset potentials, and limiting current
densities (I) obtained from the LSV curves at 1600 rpm.
Figure S8 presents the LSV curves of Co;0,/PEDOT
measured at various rotation rates in O,- and N,-saturated
0.1 M KOH. The ORR performance improved after the
addition of the Co;0, nanostructures to the pure and
functionalized PEDOT polymers in terms of increasing the
limiting current density and shifting the onset and half-wave
potentials to more positive values (Table 1). In addition, the
ORR activity increased in the order Co;0, < Co0;0,/
poly(EDOT—OH) < Co;0,/PEDOT < poly(EDOT-F) =
20% Pt/C < Co0;0,/poly(EDOT-F), as evidenced by the
limiting current densities for the ORRs of these samples
(Figures 7a and S8). The improvement in the ORR
performance of the Co;0,/poly(EDOT-F) nanocomposite is
evidenced by the improvements in the limiting current density
(Co30,: —1.434 mA cm™%; poly(EDOT-F): —3.707 mA cm™>;
Co0,0,/poly(EDOT-F): —4.761 mA cm™2), the half-wave
potential (Co;0,: 0.522 V vs RHE; poly(EDOT-F): 0.603 V;
Co;0,/poly(EDOT-F): 0.628 V), and the onset potential
(Co30,: 0.720 V; poly(EDOT-F): 0.982 V; Co;0,/poly-
(EDOT-F): 0.990 V). In addition, the performance of Co;0,/
poly(EDOT-F) was better than that of the commercial
benchmark catalyst 20% Pt/C, which exhibited an onset
potential of 0.938 V vs RHE and a limiting current density of
—3.615 mA cm™2 The addition of Co;0, created new active
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sites for the ORR process on the catalysts. Here, the polymer
poly(EDOT-F) acted not only as a conducting matrix but also
as a binder for the nanostructured Co;0,. The electrochemical
active surface areas (ECSAs) for poly(EDOT-F) and Co;0,/
poly(EDOT-F) were estimated by determining the double-
layer capacitance (Cp) from the CV traces using the equation

ECSA = Cp, /Cq 4)

where Cg is the specific capacitance.”” Because the specific
capacitance is not known for the Co;0,/poly(EDOT-F)
nanocomposite, we chose to report the double-layer
capacitance (Cpp) as an approximation of the surface area
accessible to the electrolyte and, thus, available for catalysis.
Figure S9 presents the results of repeated CV scans in a 0.1-V
non-Faradaic potential window, from 0.957 to 0.857 V vs
RHE, at increasing scan rates. The values of Cp, calculated
from the slopes of the correlations between the current near
the switching potential (0.9 V vs RHE) and the scan rate
(Figure S9), were 8.74 mA cm™ for Co;0,/poly(EDOT-F)
and 8.10 mA cm™? for poly(EDOT-F). Table S1 provides a
comparison of the ORR performances with those of all of the
other studied PEDOT and PEDOT composite catalysts. These
data reveal the superior performance of the Co;0,/poly-
(EDOT-F) electrocatalyst when compared with other
PEDOT-based ORR electrocatalysts.

Figure 7b displays the calculated electron-transfer numbers
(n) for the ORRs at the pure and supported Co;0,
functionalized PEDOT polymer catalysts at 1600 rpm; Figure
S10 provides the corresponding peroxide percentages (%
HO,"). The electron-transfer numbers (n) for the ORR at the
pure nanostructured Co;0, (ca. 3.35—3.50) were higher than
those at the functionalized PEDOT polymers (Figure 6b).
Moreover, the values of n for the ORR at the Co;0,/
poly(EDOT-F) nanocomposite catalyst (3.80—3.84) were
higher than those at the pure poly(EDOT-F) (3.20—3.33)
and Co;0, (3.35—3.5) as well as those at the Co;0,/PEDOT
(3.37—-3.41) and Co;0,/poly(EDOT—OH) (3.48—3.62)
nanocomposites. Thus, the ORR process at the Co;0,/
poly(EDOT-F) nanocomposite electrode followed a four-
electron pathway, whereas mixed pathways dominated the
ORR reactions at the Co;0,, poly(EDOT-F), Co;0,/PEDOT,
and Co;0,/poly(EDOT—OH) electrodes.

Figure 7c presents the disk current densities (jp) obtained
from the LSV curves of Co;0,/poly(EDOT-F) measured at
rotation rates of 400, 900, 1200, and 1600 rpm in O,-saturated
0.1 M KOH. Figure 7d displays corresponding Koutecky—
Levich plots obtained from the inverse current density (j~')
with respect to the inverse of the square root of the rotation
rate (@~ '/?) for Co,0,/poly(EDOT-F) at 0.55, 0.50, 0.40,
0.30, and 0.20 V vs RHE. These plots are linear and paralle],
indicating the first-order dependence of the kinetics of the
ORR on the Co;0,/poly(EDOT-F) surface.”>>* Each straight
line intercept corresponds to the kinetic current density ().
The “B-factor” for Co;0,/poly(EDOT-F) was 0.420 mA cm ™
s'/2 rad™"?, determined from the slopes of the Koutecky—
Levich plots. The electron-transfer numbers n calculated from
the B-factor were in the range 3.8—3.93. This range is
consistent with that (ca. 3.8—3.84) obtained from the RRDE
measurements, suggesting that Co;0,/poly(EDOT-F) favored
a four-electron reduction reaction process.

The stability of a catalyst is an important parameter affecting
its practical application in fuel cells. Figures 8 and S12 present
the stabilities of the 20% Pt/C, Co3O4/poly(EDOT—F), and
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Figure 8. Current—time (I—t) chronoamperometric responses for

ORRs on 20% Pt/C (black line) and Co;0,/poly(EDOT-F) (red

line) in O,-saturated 0.1 M KOH at +0.4 V (vs RHE); rotating rate:
1600 rpm.

poly(EDOT-F) catalysts for the ORR, assessed through
chronoamperometric tests performed at 0.4 V (vs RHE) in
O,-saturated 0.1 M KOH at a rotation rate of 1600 rpm. The
Co30,/poly(EDOT-F) nanocomposite exhibited a very slight
decrease in current after 16 h with a high current retention of
90.8%. In contrast, 20% Pt/C exhibited a much more rapid
decrease in current, with only 70% retention. Thus, the
Co030,/poly(EDOT-F) electrocatalyst was much more stable
than the 20% Pt/C catalyst. Therefore, the observed
improvement in ORR performance at the Co3;0,/poly-
(EDOT-F) electrode, with the preference for a four-electron
pathway and excellent durability, was presumably due to the
existence of many more active sites after the addition of Co;0,
because the ECSA had increased and because the unique
tubular structure of the polymer poly(EDOT-F) provided
higher conductivity (thereby improving the electron transfer
kinetics), synergistically enhancing the electrocatalytic activity.

3. CONCLUSIONS

Parent and two functionalized PEDOT derivatives, hydrox-
ymethyl and perfluoro, were prepared directly through simple
and facile electropolymerization from corresponding mono-
mers, providing new materials displaying excellent perform-
ance, and tested in ORRs. Each of these polymers functioned
catalytically through a two-electron and/or mixed pathway. To
enhance the number of electrons transferred (n), Co;0,/
polymer composites were prepared and tested for their ORR
performance. SEM and XPS analyses revealed that the Co;0,
nanospheres filled the pores of the tubular structure of the
polymer poly(EDOT-F). The ORR performance and dura-
bility of the Co;0,/poly(EDOT-F) nanocomposite catalyst
were significantly greater than those of the individual Co;0,
and poly(EDOT-F). Notably, the ORR performance at the
Co030,/poly(EDOT-F) nanocomposite electrode was almost
the result of a four-electron pathway, whereas mixed pathways
dominated the ORR reactions on the individual Co;O, and
poly(EDOT-F). This behavior was due mainly to the
synergistic effect of Co;0, and poly(EDOT-F), creating
many more active sites, enhancing the electron transfer
kinetics, and eventually improving the ORR performance.

4. EXPERIMENTAL SECTION

4.1. Materials. Cobalt nitrate hexahydrate Co(NO;),-6H,0 (Alfa
Aesar), commercial benchmark electrocatalyst powder 20% Pt/C
(Aldrich), glycine (J. T. Baker), 3,4-ethylenedioxythiophene (EDOT;
Aldrich), and hydroxymethyl-EDOT (EDOT—OH; Aldrich) were
used as received unless otherwise noted.
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4.2. Synthetic Procedures. Co;0, Nanoparticles. Co;0,
nanospheres were prepared through a facile combustion method, as
described previously.®® In a typical synthesis, Co(NO;),-6H,0 (12.5
mmol) and glycine (6.25 mmol) were dissolved in distilled water (100
mL) to form a pink homogeneous solution, which was then heated on
a hot plate (ca. 100 °C) to evaporate the excess water. The resulting
viscous gel was calcined in a muffle furnace (400 °C, 3 h) under a
static air atmosphere.

EDOT-F Monomer. The synthesis of the EDOT-F monomer,
following a previously published synthetic procedure,’ is provided in
the Supporting Information.

4.3. Electropolymerization. The electropolymerization was
implemented using a potentiostat (PGSTAT204, Autolab) with a
glassy carbon electrode (GCE) as a working electrode, a Ag/Ag*
electrode (RE-7, BAS) as the reference electrode, and a Pt wire as the
counter electrode. Prior to use, the GCE was polished several times
with 0.05-ym alumina powder, washed with EtOH after each
polishing step, cleaned through sonication (5 min) in a water bath,
washed with EtOH, and then dried in air. The ORR catalytic activity
was first measured over the pure polymers (without Co;0,) and then
over the Co;0,/polymer nanocomposite catalysts. For the pure
polymers, the working electrodes were prepared as follows: nano-
structured EDOTs and their functionalized monomers were
polymerized potentiostatically on the disk electrode of a RRDE
from a 10 mM solution of the particular monomer in CH,Cl, in the
presence of 100 mM Bu,NPF4 as a supporting electrolyte.
Chronoamperometric methods were used for electropolymerization
of the EDOTs and their functionalized monomers by applying a
constant voltage (+1.40 V vs Ag/Ag") and constant polymerization
charge (Q = 0.121 C cm™). The number of moles of the polymer film
was controlled by fixing the total charge passed during the
electropolymerization process. After polymerization, the obtained
polymer electrodes were washed repeatedly with monomer-free
MeCN to remove residual monomer and electrolyte from the
electrode surface.

For the Co;0,/polymer nanocomposite catalysts, the Co;0,
catalyst ink was prepared as follows: Co;0, (8 mg) was dispersed
in EtOH [(7.920 mL of EtOH + 0.080 mL of Nafion) for PEDOT
and poly(EDOT—OH); (8 mL of EtOH) for poly(EDOT-F)] until a
homogeneous mixture formed. After sonication (30 min), a portion
(10 uL) of the suspension was pipetted out and drop-cast onto the
polymer-coated glassy carbon surface and dried in air at room
temperature for 1 h. The catalyst loading was calculated to be 40.4 ug
cm ™ for each of the tests.

Twenty percent Pt/C catalyst ink was prepared as follows: 20% Pt/
C powder (2 mg) was dispersed in EtOH (1.980 mL) and Nafion
solution (0.020 mL). After sonication (30 min), a portion (10 L) of
the suspension was pipetted out and drop-cast onto the glassy carbon
surface and dried in air at room temperature for 1 h.

4.4. Materials Characterization. The morphologies of the
polymers and Co;0,-supported polymer nanocomposites were
observed through FE-SEM (ZEISS ULTRA PLUS) at an accelerating
voltage of 10 kV. TEM images were recorded using a JEOL JEM-1400
microscope operated at 120 kV. Crystal structures were determined
through XRD using a Bruker D8 Advance instrument and Cu Ka
radiation (4 = 1.5418 A) at 40 kV and 40 mA with a scanning rate (in
260) of 0.02 min™'; the XRD data are presented in the Supporting
Information (Figure S1). XPS was performed using a PHI 5000
VersaProbe III spectrometer and a monochromatic Al Ka source
(1486.6 eV) operated at 50 W under a vacuum of 107 Pa in the
analyzer chamber. High-resolution spectra of powdered samples were
recorded at a takeoff angle of 45° with a constant pass energy of 93.9
eV using a 100-um-diameter analysis area; a pass energy of 117.4 eV
was used for the survey spectra. XPS depth profiling was achieved
with an Ar ion sputtering source operated at an accelerating voltage of
2 kV. The contact angle was characterized using an OCA20
instrument (DataPhysics Instruments, Filderstadt, Germany).

4.5. Electrochemical Measurements. The electrochemical
ORR activity was measured in a four-electrode cell using an Autolab
bipotentiostat (PGSTAT204) and a Pine electrochemical system
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(AFMSRCE rotator) on the RRDE. The RRDE electrode consisted of
a glassy carbon disk (diameter: 5.61 mm; area: 0.2475 cm?)
surrounded by a Pt ring (area: 0.1866 cm?®) with a collection
efficiency of 39.5%. A Pt wire was used as the counter electrode; Hg/
HgO (RE-61AP, BAS) was used as the reference electrode in aqueous
medium. All reported potentials refer to the reversible hydrogen
electrode (RHE) potential. The potentials were converted to the RHE
according to the equation

Ewur) = Eng/ng0) + E("Hg /Hgo) T 0.059 pH

()

The electrochemical ORR performances of the catalysts were studied
using CV and LSV. The electrochemical measurements were first
implemented in N,- and then O,-saturated 0.1 M KOH. The
electrolyte was deaerated by purging high-purity N, gas into the
electrolyte for 60 min prior to each electrochemical measurement. For
each catalyst tested, a cyclic voltammogram was first collected in N,-
saturated 0.1 M KOH from 0.10 to 1.10 V (vs RHE) at 100 mV s~}
until a steady state cyclic voltammogram was obtained. For the ORR
test, the electrolyte was purged with high-purity O, gas for at least 60
min to ensure O, saturation. LSV measurements during oxygen
reduction were performed in O,-saturated 0.1 M KOH by sweeping
the potential cathodically from 0.99 to 0.18 V (vs RHE) at 10 mV s™!
with the electrode rotated (0, 400, 900, 1200, and 1600 rpm) and O,
gas purged into the solution at a flow rate of 25 standard cubic
centimeters per minute (sccm). For all RRDE measurements, the ring
potential was held at 1.40 V (vs RHE) to oxidize any HO,™ produced
in the alkaline solution.**® The percentage of HO,™ produced and the
transfer number (n) during the ORR were calculated using the
equationsg‘ 1

_ I/N
%HO; = 200X —"——
Iy + /N (6)
I
=4x— D
Iy + I/N (7)

where Iy is the ring current, I is the disk current, and N is the
collection efficiency of the ring electrode (0.395). Stability tests were
conducted using a chronoamperometric technique at a bias potential
of 0.4 V (vs RHE) in O,-saturated 0.1 M KOH at a rotation rate of
1600 rpm.

The electron transfer number for the ORR was derived from the

Koutecky—Levich equation:>***
1 1 1 1 1
TETto =+t —7
Jo bk ki k Bw (8)

where j is the measured disk current density; j, and j4 are the kinetic
and the diffusion limiting current densities, respectively; B is the so-
called “B factor,” given by the equation®’

B = 0.62nFD*v™"/°C,

)
where n is the apparent number of electrons transferred in the
reaction, F is the Faraday constant (96485 C mol™), Dy, is the
diffusion coefficient of O, (1.86 X 107> cm? s7!), v is the kinetic
viscosity of the solution (0.01 cm?s™"), Co, is the concentration of O,

dissolved in the electrolyte (1.21 X 107° mol cm™), and w is the
electrode rotation rate (rad s™')
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