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ABSTRACT: Three copper polypyridyl complexes were examined as electrocatalysts for the
oxygen reduction reaction (ORR): a Cu—Nj complex, [Cu—[tris(6-methylpyridin-2- § ° 2
yl)methane]-(NCMe)]PF; (1); a related Cu,Nj derivative, [ Cu,—[1,2-bis(6-(bis(6-methyl- g 0 g
pyridin-2-yl)methyl)pyridin-2-yl)ethane]-(NCMe), ] (PFs), (2); and the CuN, species & oo "Ef
[Cu—[tris(pyridin-2-ylmethyl)amine]](ClO,), [3](ClO,),. Compared to other copper g |3
complexes, [3](ClO,), exhibits the highest reported ORR onset potential for a Cu complex % 41 b
of 0.53 V vs reversible hydrogen electrode at pH 1. The Cu,Ng hemocyanin model is more £ 200
active than the CuNj3, but both are less active than the CuN, complex. The results indicate . - ~ d
that copper polypyridyl complexes are promising cathode catalysts for ORR. ? Possnilal v RHE TV )
B INTRODUCTION
One of the greatest hurdles to the widespread implementation
of fuel cells is the cathode catalyst."”* In most fuel cells, the
cathode catalyzes the 4e ™ reduction of dioxygen to water (eq 1).
1
0, +4e” +4H" — 2H,0 E=117VatpH1 (1)
Current fuel cells rely on Pt-based cathodes, which exhibit slow | (PFe

reaction kinetics for the oxygen reduction reaction (ORR).>*To
mitigate the slow kinetics for the ORR, high catalyst loadings are
required, which translate into high cost. Additionally, Pt-based
ORR catalysts evince a ca. 300 mV overpotential for the ORR,
which seriously diminishes fuel cell efficiency. Although the
performance of Pt-based catalysts has been improved by alloying
and developments in catalyst morphology, substantial improve-
ment in catalyst composition is required,” and ultimately Pt may
be replaced by base metals.

One source of inspiration for a new class of ORR catalysts
comes from nature in the form of laccase, an enzyme that exhibits
a lower overpotential for the ORR compared to Pt. The active
site of laccase is composed of three Cu atoms, two that are
coordinated by three histidine groups, known as the type-3
copper centers, and one that is ligated by two histidine groups,
known as the type-2 copper.”® When considering new genera-
tions of bioinspired cathode catalysts, it is noteworthy that type-3
copper centers are observed in a large variety of enzymes that
activate O,, such as tyrosinase (Tyr) and hemocyanin (Hc).'°
Tyrosinase catalyzes the oxidation of phenols and catechols
coupled with the reduction of oxygen to water, and hemocyanin
is a reversible dioxygen carrier.”' "'* The dioxygen adducts of Hc
and Tyr both feature bridging peroxo ligands with a u—7"n*
diamondoid motif. The differing reactivity of Tyr and Hc is due
to the ability of phenols and catechols to access the active site in
tyrosinase, but not in hemocyanin.”
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Figure 1. Hemocyanin models [Cu(tripic)(NCMe)]PFs (1) and
[Cu,(bistripic) (NCMe),](PF), (2), which reversibly oxygenates.

An excellent synthetic model for He is Kodera’s hexapicolinyl
dicopper complex, which reversibly forms a u—n>:17” dioxygen
complex that is stable for hours at room temperature
(Figure 1)."*~" Although many Cu complexes have been
described as spectroscopic and structural models for hemocya-
nin, none appear to have been tested for their activity in the ORR.
In previous work we and others have demonstrated that other
synthetic Cu-based complexes catalyze ORR over a wide range of
pHs, albeit with moderate overpotentials, particularly in acid.'
We note, however, that the on-electrode structure of most Cu-
based catalysts is not known.'¢

Since Hc is stable in the presence of dioxygen and hydrogen
peroxide, models for Hc might be more stable toward oxidative
degradation in the high potential, aqueous, electrochemical
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Figure 2. Illustration of [3]ClO, and the coordination of O, at low
temperature.”

environment, a requirement for practical ORR."”"® Hemocyanin
also catalyzes the disproportionation of H,O, to oxygen and
water at neutral pH.'" Inspired by these findings, we here
investigate the ORR activity of Kodera’s thermally stable hemo-
cyanin model [ Cu, (bistripic) (NCMe), | (PFy), (2) as well as the
analogous monocopper complex [Cu(tripic)(NCMe)]PE,4 (1)
(Figure 1). The monocopper complex 1 exhibits low affinity for
dioxygen; the two tripicolinyl ligands must be tethered to observe
O, coordination at room temperature.15

In contrast to the Hc model 2, [CuTPA]" [TPA = tris(2-
pyridylmethyl)amine] complexes react with dioxygen to form an
end-on u—n":;"-peroxo complex.”>*' Although the O, adducts
are only stable at low temperatures (—80 °C) (Figure 2), it is
possible that this binding mode would be maintained on the
electrode surface during ORR. Indeed, Karlin and co-workers
evaluated [CuTPA] ™" in a nonaqueous environment for its ORR
reactivity.22 However, the behavior of [CuTPA]" in aqueous
solution, supported on an electrode, is unknown. We thus
examine the catalytic properties of the Cu"" analogue [CuTPA]-
(ClO4),, [3](CIO,),.

B EXPERIMENTAL SECTION

Catalyst Ink Preparation. Compounds 1 and 2 were synthesized
as previously reported."*'¥** 'H NMR spectra of both compounds
matched the literature values. Carbon-supported catalysts 1 and 2 were
prepared using Vulcan XC-72 (Cabot Corp.) carbon black in acetoni-
trile. First, 18 mg of carbon was sonicated for 15 min to ensure maximum
dispersion. To this suspension was added 2 mg of the catalyst as a solid.
The suspension was allowed to stand for 1 h, after which solvent was
evaporated under a stream of air. To prepare an ink of the supported
catalyst, the supported catalyst was sonicated in water (1 mg/mL) in the
presence of S uL of a S wt % solution of Nafion (Sigma-Aldrich) per
1 mL of water. A 20 uL droplet of the ink was then evaporated onto a
glassy carbon electrode (A = 0.196 cm”) under a stream of Ar. By
elemental analysis, Cu loadings were determined to be 8.8 mg/g of
supported catalyst for compound 1 and 9.2 mg/g of supported catalyst
for compound 2. Control experiments utilized Vulcan XC-72 prepared
identically but without compounds 1 or 2.

Supported catalyst 3 was generated in situ by using TPA synthesized as
previously reported.24 A solution of [Cu(TPA)](ClO,), was prepared
from 33.3 mg of Cu(ClO4),6H,0 (0.09 mmol, 99.999%, Alfa Aesar) and
a solution of 26.1 mg (0.09 mmol) of TPA in 15 mL of ethanol. To this
solution were added Vulcan XC-72 carbon black (54 mg) and 60 uL of a
S wt % solution of Nafion (Sigma-Aldrich). The mixture was then
sonicated for 30 min to disperse the carbon. The ink (10 L) was then
deposited directly onto the glassy carbon electrode and dried in air. Cu
loading was found to be 5.56 mg/g of supported catalyst.

Reagents. Electrochemical experiments at pH 2—10 were per-
formed in Britton—Robinson buffers consisting of 0.04 M CH;CO,H
(99.99%, Sigma-Aldrich), 0.04 M H;PO, (85 wt % in H,0, 99.99%,
Sigma-Aldrich), 0.04 M H;3BO; (99.999%, Sigma-Aldrich), and 0.1 M
NaClO, (99.9%, Sigma-Aldrich) with Milli-Q water. Experiments
performed at pH 1 were done in a solution of 0.1 M HCIO, (70%
Optima grade, Fisher Scientific). Hydrogen peroxide solutions (10 mM)
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Figure 3. RRDE of 1 (red), 2 (blue), and XC-72 carbon black (black)
with ring currents (dotted) in Britton—Robinson buffer under 1 atm of
O, at 1600 rpm at pH 2 (a) and pH 10 (b).
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Figure 4. pH dependence of the onset potentials for O, (red) and
H,0, (black) reduction for 1 (circles) and 2 (squares). At pH 10, the
onset potentials for both 1 and 2 overlap.

were made with 30 wt % H,O, in water (30 wt % in H,O, Ultrex II
Ultrapure, Baker).

Electrochemical Experiments. Rotating disk electrode (RDE)
and rotating ring—disk electrode (RRDE) electrochemical experiments
were performed by using a glassy carbon working electrode (A =
0.196 cm®) with a Pt ring (A = 0.093 cm?, Pine Instruments), a Pt mesh
counter electrode separated by a glass frit, and a Ag/AgCl “no-leak”
(ESA, Inc.) reference electrode separated from the working electrode by
a Luggin capillary. The Pt ring was held at 1.2 V vs reversible hydrogen
electrode (RHE) for all experiments and the collection efficiency was
determined to be 0.04 by comparison of the disk to ring currents for the
2e” reduction of O, to H,0, for the unmodified Vulcan carbon.”® The
scan rate for all experiments was 5 mV/s, and all scans were performed
starting with the cathodic sweep. All experiments were performed using
a CH Instruments 760C bipotentiostat and a Pine Instruments MSRX
rotator. All potentials reported were referenced to the RHE by flushing
the cell with 1 atm of H, and measuring the open circuit potential at the
Pt ring after experiments were completed.

B RESULTS

Studies on Trispicolinylmethane Complexes. Initial studies
focused on catalysis by compounds 1 and 2, which were
impregnated in inks composed of carbon black and Nafion.
The results of RRDE voltammetry for these cathodes are
presented in Figure 3 together with a control electrode lacking
the copper complexes. When O, was excluded from the solution,
voltammetry exhibited little current response from 0.75 V to at
least —0.5 V. Following the introduction of O,, however, a
cathodic current was observed, the onset potential of which was
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Table 1. Number of Electrons Transferred Determined from
Koutecky—Levich Plots for 1, 2, and Vulcan Carbon in the
Presence of O, or H,0, at pH 2 and 10

no, "y,0,
pH2 pH 10 pH2 pH 10
(—0.5V) (0.07 V) (—0.5V) (—0.5V)

1 2.6 3.5 0.1 1.5

2 29 3.7 0.1 1.7
carbon black 2.8 2.3 0.8 0.8
a) b)
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Figure 5. RDE of 1 (red), 2 (blue), and XC-72 carbon black (black) in
Britton—Robinson buffer with 10 mM H,0, under 1 atm of Ar at
1600 rpm at pH 2 (a) and pH 10 (b).

found to depend on pH (Figure 4). At pH 2, the onset of oxygen
reduction by compounds 2 and 1 was found at 0.40 and 0.34 V,
respectively, whereas for the Vulcan carbon control, the onset
was only 0.11 V. The limiting current for compound 2 is the
largest at S mA cm 2, that of 1 is slightly less at 4.5 mA cm 2 and
that of carbon black is the least at 3 mA cm ™.

Shown in Table 1 is the number of electrons transferred by
each catalyst, determined by a Koutecky—Levich plot made by
varying the electrode rotation rate (Supporting Information). At
pH 2, catalysts 1 and 2 as well as Vulcan carbon were found to
transfer approximately 2e ", consistent with reduction of O, to
H,O0,. In Figure 3, the positive currents arise from the Pt ring,
held at 1.2 V to oxidize any produced peroxide. Whereas carbon
black has the largest ring current, the number of electrons
transferred by each catalyst, shown in Table 1, is similar.

At pH 10, the onset of O, reduction for 1 and 2 is more
positive than at pH 2. The onset for 1 and 2 is 0.67 V, whereas the
onset for carbon is at 0.60 V. The limiting currents for 1 and 2 are
S mA cm ™%, whereas for carbon the current was 3 mA cm™ >
Although the current densities at pH 10 and 2 are similar, the
number of electrons transferred at pH 10 is larger than at pH 2.
The ring current in Figure 3b is also larger than in Figure 3a,
corresponding to increased production of H,O,. The increase in
the number of electrons transferred at pH 10 relative to pH 2 for
both compounds along with the increase in ring current asso-
ciated with peroxide oxidation seems initially contradictory (see
Discussion).

Figure S shows RDE voltammograms of compounds 1, 2, and
Vulcan carbon in Britton—Robinson buffer 10 mM H,O, under
1 atm of Ar at pH 2 and 10. At pH 2, shown in Figure 3a, H,0,
reduction onset occurs at 0.05 V for compound 1, 0.1 V for
compound 2, and 0.0 V for Vulcan carbon. The number of
electrons transferred for all three compounds, determined from
the Koutecky—Levich analysis, is far less than the 2e™ value
expected for peroxide reduction to water (Table 1). At pH 10,
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Figure 6. Tafel plots of 1 (red), 2 (blue), and XC-72 Vulcan carbon
black (black) in pH 2 (a) and pH 10 (b) Britton—Robinson buffer with
10 mM H,O, under 1 atm of Ar with linear fits (dotted lines).
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Figure 7. RRDE of [3](ClO,), in 0.1 M HCIO, at pH 1 (a) and in
pH 10 Britton—Robinson buffer (b) with ring currents (dotted lines) under
1 atm of Ar at 1600 rpm (black) and under 1 atm of O, at 1600 rpm (red),
800 rpm (blue), 400 rpm (green), and 200 rpm (orange).

however, the catalytic activity of 1 and 2 for the reduction
of H,0, is improved, as shown by the increase of the onset
potentials to 0.65 V for 1 and 0.64 V for 2 and an increase in the
current densities (Figure Sb). Correspondingly at high pH, the
number of electrons transferred approaches the 2e™ value.

Tafel plots for all three catalysts at pH 2 and 10 with 10 mM
H,O, are presented in Figure 6. At pH 2, compounds 1 and 2
exhibit linear regions in their Tafel plots with slopes of —167 and
—656 mV/decade, respectively (see Discussion). At pH 10,
compounds 1 and 2 have similar slopes of approximately —187
mV/decade, whereas carbon black exhibits a much larger slope of
—283 mV/decade. Tafel plots for dioxygen reduction at pH 2
and 10 can be found in the Supporting Information.

Studies on Trispyridylmethylamine Complexes. RRDE
voltammetry results for catalysts prepared from [3](ClO,), in
0.1 M HCIO, are shown in Figure 7a. At pH 1 under A, little
current is observed, with the exception of a reversible couple at
0.23 V, which we assign to the Cu n couple.*® With the addition
of O,, an increase in the cathodic current is noted, which is
associated with the ORR. The onset of the reduction current is
0.53 V vs RHE. The ring current reveals that at potentials
between the onset and the diffusion-limited current, hydrogen
peroxide is formed. The diffusion-limited current changes with
the rotation rate, which, after fitting to the Koutecky—Levich
equation, shows that 3.8e” were transferred in the reduction.

The voltammetry of [3](ClO,), is similar at pH 1 and 10
(Figure 7). Under Ar, the cu/" couple is at 0.49 V at pH 10, which
corresponds to a shift of 30 mV/pH unit. The onset of O, reduction
at pH 10is at 0.77 V, 240 mV more positive than at pH 1. The ring
current once again shows that H,O, is formed at potentials between
the onset and the diffusion-limited current. Koutecky—Levich
analysis of the dependence of the rotation rate on the reduction
current also shows that 3.9~ were transferred at this pH.
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Figure 8. RDE of [3](ClO,4),in 0.1 MHCIO, at pH 1 (a) and at pH 10
in Britton—Robinson buffer (b) with 10 mM H,O, at 800 rpm (red),
400 rpm (blue), and 200 rpm (green).
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Figure 9. Tafel plots of [3](ClO,), in 0. MHCIO4at pH 1 (a) and in
pH 10 Britton—Robinson buffer (b) under 1 atm of O, (red line) and
under 1 atm of Ar with 10 mM H,O, (blue line).

The RDE voltammograms of [3](ClO,), under 1 atm of Ar
with 10 mM H,O, are shown in Figure 8. At pH 1, the onset of
peroxide reduction is at 0.52 V, which is also the onset potential
for dioxygen reduction. At pH 10, the onset is more positive at
0.73 V. The onset potentials for peroxide reduction seem to
follow the onset potential of O, reduction (Figure 10). The
number of electrons transferred is 2.0 at all pHs, consistent with
reduction of H,O, to H,O.

Tafel plots of [3](ClO,), under 1 atm of O, and 1 atm Ar with
10 mM H,0, are shown in Figure 9. The slopes of the linear
regions at both pH 1 and 10 with O, or H,O, are ~70 mV/
decade. The pH dependence of the onset potential of O,
reduction has two linear regions, as seen in Figure 10. At low
pH, the onset potential changes from 0.53 V by 5 mV/pH unit.
Above pH 4, the onset varies by 35 mV/pH, consistent with what
has been observed for other copper complexes.'®*” The change
in slope is likely related to the pK, of the TPA.*® H,O, reduction
follows the same trend.

B DISCUSSION

The most interesting information obtained from the comparison
of complexes 1 and 2 relates to the different Tafel slopes and
onset potentials, particularly at low pH. The relatively high
Tafel slope for the dicopper complex 2 is consistent with a CE
(chemical—electrochemical) mechanism for reduction. Alterna-
tively, the low slope for monomeric complex 1 is consistent with a
simple electron transfer in the rate-determining step, an E
mechanism.*® The number of electrons transferred for 1 and 2
are both around 3, suggestinga 2e”~ reduction of oxygen to peroxide,
followed by slow (incomplete) 2e~ reduction of the formed H,0,
to water. The low activity for 1 and 2 is also seen in the low number
of electrons transferred in H,O, reduction at pH 2. Intriguingly, the
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Figure 10. Plot of the pH dependence of the onset of O, reduction (red
squares) and H,O, reduction (black triangles) for [3](ClO,),.

ORR onset potential for the dicopper complex is somewhat more
positive than that found for the corresponding monomer.

At high pHs, 1 and 2 behave similarly in their ability to
catalyze reduction of dioxygen and peroxide. These similari-
ties apply to both onset potentials and Tafel slopes. The
parallel behavior of 1 and 2 at high pH suggests a possible role
of a cupric hydroxide intermediate that reacts with hydrogen
peroxide to form the di-u-peroxo complex. Kodera observed
that [Cu,(OH),-hexapy] reacts with hydrogen peroxide to
form the u-peroxo complex.”” We hypothesize that the
Cu—OH species enhances the reaction rate of 1 and 2 with
H,0,, increasing the apparent number of electrons trans-
ferred at high pH.

Compared to compounds 1 and 2, the overpotentials for ORR
exhibited by [3](ClO,), are lower by nearly 130 mV at low pH
and 100 mV at pH 10. Remarkably, the onset potential for ORR at
pH 1 is the highest reported for any Cu complex."**”*>~3° Addition-
ally, the onset potential vs pH curve exhibits two linear regions,
one between pH 1 and pH 4 and then another between pH 4 and
pH 10. Also compound [3](ClO,4), has an ORR Tafel slope
considerably lower than those reported for any Cu complex.

We now address possible origins of the differences between
compounds 1 and 2 and compound [3]*". First, we suggest that
in the presence of O,, [3]" dimerizes on the electrode surface.
Evidence for dimerization comes from dilution measurements
(Supporting Information) that show that ORR activity shifts to
more negative potentials as the concentration of compound
[3](ClOy), is lowered below ca. 0.001 mol %. Additionally, the
ORR current does not scale linearly with catalyst loading over
2 orders of magnitude. The remarkably low Tafel slopes (ca. 70
mV/decade) are close to those expected for a two-electron
transfer rate-limiting step (60 mV/decade), also suggesting that
two Cu centers are involved.” In recent work, Karlin and co-
workers reported the use of [3](ClO,), as a catalyst for the 4e "~
reduction of O, in acetone.”” The electron stoichiometry was
analyzed using decamethylferrocene (FeCp*,) as an electron
donor. Unfortunately, the high reactivity of FeCp*, by itself
toward O, in the presence of acid makes further evaluation of this
system complicated.>’

We propose that the differing catalytic properties of [3]*" vs 1
and 2 is related to the mode of O, coordination. In 2, O, binds in
a side-on peroxo, u—n*:1> mode. However, [3]" binds O, to
form an end-on, trans-u—1":1"-peroxo complex, which is stable
at low temperatures. The end-on Cu—O, binding mode is
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nucleophilic and the peroxo ligand is easily protonated.®® The
side-on u—n*:17%-0, ligand is generally electrophilic and would
be expected to be more easily reduced, not protonated.*
Attempts to protonate the 2—0, adduct with HBF, in CH,Cl,
gave no reaction (see Supporting Information). We propose that
addition of an electron to the O, peroxo intermediate seen for 2
is likely the rate-limiting step, leading to a greater overpotential
for the ORR.

Compounds 1 and 2 have low activity for the ORR based on
the onset of reduction current. Chidsey et al. reported a Cu"—
(2,9-diethylphenanthroline) complex that has on onset potential
of 0.305 V vs NHE (0.58 V vs RHE, at pH 4.8).° Bilewicz
reported ORR onset of 0.67 V vs RHE for a dicopper—
hexaazamacrocycle (pH 7).>° Finally, we found that Cu"—
3,5-diamino-1,2,4-triazole (CuDAT) has an onset of 0.73 V vs
RHE at pH 7 and the highest reported onset of 0.86 V vs RHE at
pH 13."'® Compounds 1 and 2 are comparable to the Bilewicz
work, and similarly, they follow a 2™ + 2e™ mechanism.

Compound [3](ClO,), shows reduced ORR overpotentials
compared to many compounds. At pH 1, [3](ClO,), has a
60 mV higher oxygen reduction onset than CuDAT. At pH 5, its
onset is lower than that of Cu"'—(2,9-diethylphenanthroline) by
40 mV. At high pH, ORR by [3](ClO,), has an onset lower than
that of CuDAT by 70 mV. The origin of this increased activity
might be associated with optimized O, coordination by 3.

Bl CONCLUSION

A copper catalyst prepared from trispyridylmethylamine (TPA)
exhibits a lower overpotential and higher activity for ORR than
related complexes based on trispyridylmethane ligands. Relative to
other complexes, catalysts based on TPA exhibit the highest
reported onset potentials at pH 1 (0.53 V vs RHE). The differing
catalytic behaviors are attributed to the differences in the modes by
which these complexes interact with O,, end-on vs side-on O,
binding. These results encourage further efforts aimed at the
development of new molecular electrocatalysts.
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