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ABSTRACT: A Co(II) complex with the polydentate quinol-containing ligand H,qp1 acts as an efficient electrocatalyst for oxygen
reduction. Without any additional electron—proton transfer mediators, the electrocatalysis is selective for H,O; a related complex
that substitutes a phenol for the quinol, conversely, instead produces mostly H,0O, under the same conditions. We propose that the

ability of the redox-active quinol to donate two electrons impacts the product-determining step.

he oxygen reduction reaction (ORR) features prom-

inently in many biological processes and proposed
technologies for energy storage.' O, can be reduced either
by two or four electrons to H,0, or H,O, respectively. H,0, is
vital to many industrial processes, making reactions that can
readily prepare it from O, attractive, but this oxidant can
degrade both biomolecules and the membranes used in fuel
cells. Consequently, there is great interest in understanding the
factors that favor the production of either H,O or H,O, from
O, and preparing catalysts and electrocatalysts that are highly
selective for one over the other.

A number of first-row transition metal complexes have been
explored as homogeneous electrocatalysts for ORR.”™® These
include iron-porphyrin complexes, which resemble the
cytochrome ¢ oxidases essential for respiratory redox in
mitochondria®™"” and iron and cobalt complexes with
dianionic ligands with N,O, donor sets.”" 572 With respect
to the cobalt-containing electrocatalysts, Anson and Stahl
found that the addition of para-hydroquinone (quinol) was
able to both accelerate the O, reduction and shift the product
from mostly H,0, to mostly H,0." In these reactions, the
quinol is proposed to act as an electron—proton transfer
mediator. Hooe et al. found that the addition of quinol likewise
shifted the selectivity of a manganese-salen electrocatalyst for
ORR toward H,0.” Singha et al. subsequently grafted quinols
to iron porphyrins, which were then attached to electrodes and
used as heterogeneous electrocatalysts.”* With these, the
incorporation of a quinol was found to alter the mechanism of
O, reduction relative to complexes with appended phenols, but
the rates of oxygen reduction were similar. Further, both the
quinol and phenol systems overwhelmingly produced H,O.

Here, we report two cobalt-containing homogeneous
electrocatalysts for ORR. These differ from earlier catalysts
from the Machan and Stahl groups in that they feature neutral
and potentially more highly coordinating ligands with NO
donor sets. The O-donor is, at best, loosely coordinated and
comes from either a phenol or a quinol. We find that with
these electrocatalysts the phenol-for-quinol substitution
strongly impacts the product selectivity. When the O-donor
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is completely absent, the resultant cobalt complex performed
poorly as an electrocatalyst for the ORR.

We prepared Co(Il) complexes with N,N,N’-tris(2-pyridi-
nylmethyl)-1,2-ethanediamine (trispicen),””N-(2-hydroxyben-
zyl)-N,N’,N’-tris(2-pyridinylmethyl)-1,2-ethanediamine
(Hpp), and N-(2,5-dihydroxybenzyl)-N,N’,N’-tris(2-pyridinyl-
methyl)-1,2-ethanediamine (H,qpl, Scheme 1). We had

Scheme 1. Structures of the Polydentate Ligands
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previously synthesized H,qpl and used it as a component in
a redox-responsive magnetic resonance imaging contrast agent
and in two functional mimics of superoxide dismutase.”®”>*
The complexation reactions between Co"(OTf), and the
ligands were all performed in MeCN. Adding ether precipitates
the following products in moderate yields: [Co(trispicen)]-
(0Tf), (1, 72%), [Co(Hpp)](OTf), (2, 55%), and [Co-
(H,qpl)](OTY), (3, 76%). Although we have been unable

thus far to structurally characterize the complexes, we
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confirmed their identities and purities by elemental analysis, A 15— . T T
with coordination of the ligands being corroborated by mass M2, )

ld . bl ——1mM 2+ N, +50mM AcOH/50 mM AcO
spectrometry (MS) Solid-state magnetic susceptibility meas- 1 mM 2+ 0,+ 50 MM AcOH/50 mM AcO"
urements indicate that each complex contains high-spin 10 1
Co(11).” <

Cyclic voltammetry (CV) analysis of 1, 2, and 3 in MeCN £
[
under N, reveals that the three cobalt complexes each have a E sl _
quasi-reversible feature at approximately —0.45 vs Fc*/Fc o
(Table 1, Figures S11—S13). Given the similarities of these
i a 0 \f/
Table 1. Summary of Electrochemical Data for 1, 2, and 3 . - . ‘
E, ), for Co(III/II) additional redox events 02 04 . 06 o 08
complex (V vs Fc*/Fc) (V vs Fc*/Fc) Potential ( V vs Fc™)
1 —0.41 N.A. B 15— - - -
—1mM3 N,
2 —0.47 N.A. ——1mM 3 + N, + 50 mM AcOH/50 mM AcO~
3 —0.49 0.61(E,,), 0.55, 0.07 (E,) ——1mM 3 + 0, + 50 mM AcOH/50 mM AcO"

“All data were acquired in MeCN under N, with 100 mM
[Bu,N][PF4] as a supporting electrolyte and a 25 mV/s scan rate.

potentials, we assign these to Co(III/II) redox events. The
presence of a phenolic group on the ligand shifts the potential
slightly more negative. Complex 3 has additional redox events:
a single 2e” oxidation wave at 0.61 V and what appears to be
two le” reduction features at 0.55 and 0.07 V, respectively
(Figure S13). The Co(III/II) redox features for 2 and 3 do not
significantly shift in the presence of either AcOH or acetate
buffer. The Co(IIl/II) redox event in 1, however, shifts by
—0.28 V (Figure S11), suggesting a change in the coordination
environment of the metal center.

When the electrochemistry is performed in the presence of
100 mM acetate buffer (50 mM AcOH/S0 mM NaOAc) and
O, in MeCN, the reversibility is lost, and the current markedly
increases around the Co(III/II) potential for 2 and 3 (Figure
1, Figure S14) but not 1. The results indicate that 2 and 3 are
both able to bind to O, and act as electrocatalysts. We were
unable to observe a current increase for 1 beyond the
overlapping O, reduction by the glassy carbon electrode near
the E, /, of the Co(1II/II). In nonbuffered solutions containing
50 mM AcOH, we observe a catalytic current for 1 that is too
weak to allow for the measurement of accurate kinetic data
(Figure S15). A proton donor-dependent voltage response was
seen with 2. At 0 mM AcOH under O, saturation, the E,, is
equal to the E, ;. Increasing the proton concentration from 0
to 200 mM led to a positive shift of S1 mV, suggesting the
protonation and potential stabilization of the intermediate
formed from the first reduction.”*° The abilities of 2 and 3 to
function at acid concentrations as high as 200 mM are notable;
such conditions have deactivated other molecular electro-
catalysts for the ORR.® We do observe slightly enhanced
currents under O, in the absence of acetic acid for both 2 and
3; we attribute this to the phenolic portions of the ligands
acting as proton sources.

The turnover frequencies (TOFs) for both catalysts were
determined using scan rate-independent CV data to estimate
kops from the i /i, ratio and the n_, determined from RRDE
studies (vide infra), where i_ is the plateau catalytic current and
i, is the peak current for 2 or 3 under N, (eq 1) ke was
estimated to be the maximum TOF.

obs

i n

i _ RTkObS
i, 04463 \ Fv (1)

L
o

Current (uA)
&
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Potential ( V vs Fc*0)

Figure 1. Electrocatalytic dioxygen reduction by 2 and 3 in MeCN.
(A) CV of 2 under N, and O, with and without 100 mM acetate
buffer (50 mM AcOH/S0 mM NaOAc). (B) CV of 3 under N, and
O, with and without 100 mM acetate buffer. All potentials are vs Fc*/
Fe.

With 6.3 mM O, and 400 mM acetate buffer (200 mM
AcOH/200 mM NaOAc), the TOFs for O, reduction are 0.16
s™! for 2 and 0.154 s™" for 3. These TOF values are weighted
averages of the observed rate constants for the reactions that
reduce O, to H,O and H,O,. Attempts to corroborate these
values with foot-of-the-wave analysis failed, suggesting that the
first chemical step in the mechanism is not rate-determining,
The effective overpotentials for the catalysts were determined
through well-established methodology and measurements in
buffered systems containing acetate buffer.’ For 2 and 3, the
effective overpotentials for reduction to H,O were 310 and 333
mV, respectively.

Electrocatalysis with 2 and 3 was investigated as a function
of [AcOH], [0,], and [Co], where [Co] is the concentration
of 2 or 3 (Figures S16—S528). In the case of 3, kg, is linearly
dependent on [AcOH], [O,], and [Co]. When [AcOH]
exceeds 50 mM, k,,, becomes independent of acid
concentration, with a limiting value of k,, = 0.33 s™* (Figure
S24). This observation indicates two rate-limiting regimes. A
linear fit to the [AcOH]-dependent region yields a slope of 8.1
M~ s7! and an intercept of 0.052 s~'. This intercept is thus
kqps for O, reduction by 3 in the absence of external acid. We
attribute the residual activity to the acidic —OH groups of the
H,qp1 ligand. The linear dependence of k,,, on [O,] obtained
in excess [AcOH] yields a slope of 48 M™" s™". Multiplying this
value by [0,] (6.3 mM) yields k,,, = 0.30 s™', which is
identical within error to that found in the acid-independent
region for kg, vs [AcOH]. These data indicate two chemical
steps. The first is dependent on [AcOH], whereas the second
depends on O,.
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With 2, kg, shows a strong linear dependence on [AcOH]
until it exceeds 100 mM (Figure S17). Above this
concentration, k.,, appears to approach a limiting value, but
unlike what is observed for 3, a clear limit is never reached. A
fit to the linear region yielded a slope of 5.6 M~ s™! for the
acid-dependent rate constant and an intercept of 0.047 s™' in
the absence of AcOH.

The selectivities of 2 and 3 for H,0O and H,O, differ
substantially. The product selectivity was assessed using two
different methods: a rotating ring-disk electrode (RRDE,
Figures $29—S33) and a colorimetric assay with titanium(IV)
oxysulfate, [Ti'V(0)SO,] (Figures $34—S37). With 50 mM
AcOH, 2 favors the production of H,0, from O,; H,0,
accounts for 89 + 7% of the products as assessed by RRDE
(nee = 2.2) and 62% of the products as assessed by the assay.
Although the concentration of AcOH strongly influences the
rate of ORR, it does not impact the selectivity. Increasing
[AcOH] to 200 mM results in 83 + 5% selectivity for H,0,, as
assessed by RRDE. Catalyst 3, conversely, selectively converts
O, into H,0. RRDE again suggests a higher amount of H,0,
(25 + 7%, ng = 3.5) than the Ti(IV) assay (<4%). Such
discrepancies between these two techniques have been
previously noted and typically result when the catalysts can
further reduce H,0,.° In the assay, the H,0O, remains in
proximity with the electrocatalyst, enabling its further
reduction to H,O. In the RRDE measurements, conversely,
the H,O, diffuses away from the electrocatalyst before it can
get reduced through secondary reactions, weighting the
observed selectivity more toward H,O,. CV studies with
various concentrations of H,0O, confirm that 2 and 3 can
indeed further reduce H,0, to H,O (Figure S38).

To determine the impact of an added electron—proton
transfer mediator on the selectivity and rate of the electro-
catalyzed ORR, we studied the reactions with 0.5—2.5 mM
para-hydroquinone present as a cocatalyst. Although accurately
determining the TOFs of a catalyst/cocatalyst mixture is
challenging,'”*® there appears to be a first-order dependence
on the quinol concentration for 2, as evidenced by the
enhanced catalytic current around the Co(III/1I) redox couple
(Figure S39). With 2.5 mM quinol, 2 now favors the
production of H,O, which accounts for 61 + 9% and 85% of
the products as assessed by RRDE (Figure S40) and the
titanium assay (Figure S41), respectively. Catalyst 3 also
becomes more active upon the addition of quinol (Figure
S41), and its selectivity for H,O measured by RRDE improves
to 89 & 6% (Figure S42). As seen by Anson et al., the added
quinol cooperatively shuttles electrons and protons to the
species on the catalytic cycle, facilitating the complete
reduction of O, to H,0."

Although compounds 2 and 3 highly resemble each other in
most aspects, we believe that the ability of the quinol in 3 to
donate two electrons and two protons alters the mechanism for
ORR and shifts the product selectivity from H,0, to H,O.
Given that both complexes are present in their reduced Co(II)
forms, we believe that an equilibrium with O, in the bulk
solution produces Co(III)-superoxo complexes that act as the
active catalysts (Scheme 2). The reduction of the Co(III)-
superoxo complex to a putative Co(III)-peroxo species is the
first step. The Co(III)-peroxo then reacts with AcOH with rate
constants of k; = 5.6 and 8.1 M™' s™* for 2 and 3, respectively.
This step is also proposed to be product-determining. For 3,
external protonation coupled with rapid PCET from the quinol
group yields H,O as the major product as well as a Co(III)—

Scheme 2. Proposed Mechanisms for the Electrocatalysis
Performed by 3 in the Absence of Additional Quinol

[(HQ)Co"-0, 7+

(high [H'] RDS) <
Oz »/ k

[(H,Q)Co'1>* [(H,Q)Co'"-0,%]*

%
Hz0 Fast k1 =
(low [H'] RDS)
N H20

3e"/3H" [(Q)COIH-OH]2+

Complex 3
H2Q = Hogp1

OH-para-quinone species. For 2, both external and internal
protonation of Co(Ill)-peroxo yields H,O, as the major
product as well as a Co(III)-phenolate complex. Subsequent
PCET reactions at the electrode surface regenerate the starting
Co(Il) complexes for both catalysts, with subsequent O,
coordination regenerating the Co(III)-superoxo complexes in
the final step.

The overall mechanism represents an ECEC pathway in
which either of the two chemical stegps can be rate-limiting
depending on the acid concentration.””** At low [AcOH], the
rate-determining step corresponds to k;, but as [AcOH]
increases, the RDS switches to O, coordination. Importantly,
many reported electrocatalysts for ORR initially enter the
catalytic cycle in an oxidized form (i.e., Co(IIl)). With these
catalysts, O, coordination typically is the first step after
reduction of the catalyst. In the present study, the catalysts
instead start in the reduced state, and O, coordination occurs
as the final step in the catalytic cycle. The regenerated Co(III)-
superoxo complex is then reduced at the electrode surface.
Further evidence for the order of protonation and O,
coordination steps comes from the positive shift in E_/,
with [AcOH], a result only supported by protonation
occurring as the first step (Figure S$46).

This mechanism also presents a challenge in that the peak
current (i,) used to calculate i./i, and determine k, is that of
the Co(Il) complex under N,, rather than the Co(IIl)-
superoxo. Given that we do not know the equilibrium constant
for O, coordination with Co(II), we cannot know the
concentration of Co(III)-superoxo in the bulk solution. We
anticipate that this equilibrium is quite small, such that
[Co(I1)] > [Co(III)-superoxo]. Consequently, the i./i, values
and corresponding k,, values here should be considered lower
limits for the true values.

In comparison to other molecular electrocatalysts, 3 stands
out for being selective for H,O at a relatively low overpotential.
Cobalt-containing catalysts can perform at lower overpotentials
than iron-containing complexes, sometimes as low as 90 mV,
but are %enerally much more selective for H,O, and have lower
TOFs.”"®"” Although other catalysts are more selective for
H,O than 3, these ty‘lpically have much higher overpotentials
exceeding 0.7 V. HOmEI73135,36

In conclusion, we find that installing a phenol in a neutral
pentadentate N-donor ligand can enable a formerly inactive
cobalt complex to serve as an effective electrocatalyst for ORR.
Slightly changing the phenol into a quinol markedly improves
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the selectivity for H,O over H,O,. The presence of additional,
noncovalently bound quinol amplifies these benefits.
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