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ABSTRACT: The development and improvement of electrocatalysts for the
4H+/4e− reduction of O2 to H2O is an ongoing challenge. The addition of
ancillary groups (e.g., hydrogen bonding, Brønsted acid/base) near the active
site of metal-containing catalysts is an effective way to improve selectivity and
kinetics of the oxygen reduction reaction (ORR). In this regard, iron
porphyrins are among the most researched ORR catalysts. Closely related
cobalt porphyrin ORR catalysts can function closer to the O2/H2O
thermodynamic potential, but they tend to be less selective and follow a
different mechanism than for the iron porphyrins. Herein, we explore
strategies to extend the ideas about ancillary groups that have been developed
for iron porphyrin ORR electrocatalysts to improve the performance of the
corresponding cobalt complexes. We describe a series of porphyrin
electrocatalysts that are modified versions of Co(5,10,15,20-tetraphenylpor-
phyrin), where the 2-position of one of the phenyl groups contains -NH2,
-N(CH3)2, and -N(CH3)3

+. Investigations using cyclic voltammetry and hydrodynamic electrochemistry show that the presence of a
cationic ancillary group gives rise to a catalyst that is selective for the conversion of O2 to H2O across a wide pH range. In contrast,
the other catalysts are selective for reduction of O2 to H2O at pH 0, but produce H2O2 at higher pH. The ORR rate (∼106 M−1 s−1)
and selectivity of the -N(CH3)3

+-modified catalyst are invariant between pH 0 and 7. Quantum chemical calculations support the
hypothesis that the enhancement of selectivity can be attributed to the distinct mechanism of O2 reduction by Co-porphyrins.
Specifically, the mechanism relies on anionic, peroxide-bound intermediates. While protic ancillary groups are important in the
performance of iron porphyrin ORR catalysts, we suggest that electrostatic stabilizers of O2-bound intermediates are more crucial for
cobalt porphyrin ORR catalysts.

■ INTRODUCTION

The oxygen reduction reaction (ORR) has been studied for a
long time, with emphasis placed on biological reactions1−3 and
on cathodic reactions in fuel cells.4−6 While natural systems
use first row metals for ORR chemistry, platinum is primarily
used as the catalyst in fuel cells. Improving the adoption of fuel
cell technology is closely tied to the identification of an
inexpensive and selective catalyst for the ORR. For fuel cell
applications, it is particularly important that O2 reduction
involves the 4 electron + 4 proton (4H+/4e−) conversion of O2

to H2O. Other pathways, such as those that make superoxide
(1e− reduction) or hydrogen peroxide (2H+/2e− reduction),
are undesirable and can lead to degradation of catalyst systems.
With these ideas in mind, the two ongoing challenges for the
development of ORR catalysts are (1) to identify nonprecious
catalysts and (2) to favor selectivity for O2 reduction to
H2O.

4,5 Herein, we describe the systematic investigation of a
series of cobalt porphyrin electrocatalysts (Figure 1) that
probes how the identity of different ancillary functional groups
affect the performance and selectivity for ORR. Of particular
interest are differences in the performance of catalysts with

groups that support hydrogen bonding and those that carry a
permanent positive charge.
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Figure 1. Structures and abbreviations of the cobalt(II) 5-(2-R)-
10,15,20-triphenylporphyrins described in this work.
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To address the two challenges identified above, many
different coordination complexes, and especially metallopor-
phyrin complexes, have been studied.7 First row metal-
loporphyrin ORR catalysts have garnered interest and are a
means to satisfy the first of the aforementioned challenges. In
particular, many investigations of homogeneous ORR of
tetraarylporphyrins have emerged, including work in organic
solvents8−11 and in aqueous buffers.12−14 A unifying theme of
many of these reports is that the management of protons and
electrons is crucial for selective ORR catalysis, which addresses
the second of the above challenges. One important design
feature that has received attention is “proton relays.” For ORR
catalysis, these are typically Brønsted acids (e.g., carboxylic
acids or pyridinium).9,13,15,16 Although the explicit roles of
these groups during catalysis is debated, and likely depends on
reaction conditions,7 they appear to play an important role in
proton transfer reactions. In addition, there are several
examples of catalysts that incorporate multiple metal centers
as a means to mediate multiple redox reactions.15,17−19 Early
multimetallic porphyrin O2 reduction catalysts were inspired
by biological systems, exemplified by cytochrome c oxidase
active site models.20−22 As noted above, a great many other
molecular catalyst systems have been developed that have
different levels of performance and comprehensive reviews are
available.7,23

Iron porphyrin molecular ORR catalysts are among the most
widely investigated, in part because they tend to favor
reduction of O2 to H2O.

7 The drawback is that they usually
function at high overpotentials. We found that, for Fe-
porphyrins, graphite adsorption of catalysts, and the incorpo-
ration of one proton relay, gave rise robust catalysts for O2 to
H2O conversion, albeit at overpotentials ≥1 V.24 In contrast,
Co-porphyrin ORR catalysts can function at lower over-
potentials, but favor production of H2O2.

25 We recently
reported that the replacement of one phenyl group of
Co(5,10,15,20-tetraphenylporphyin) (CoTPP) with a 2-
pyridyl group dramatically shifted the ORR selectivity from
H2O2 to O2 in the case of graphite adsorbed catalysts.26 In
related work, Anson and co-workers carried out several
investigations of graphite-adsorbed Co-porphyrin ORR cata-
lysts,25,27,28 but only some of those molecules or catalyst
preparations were selective for reduction of O2 to H2O.

28,29

Any design of a molecular catalysts must consider the key
intermediates in a catalytic cycle.30 The mechanism by which
O2 is reduced by Fe- and Co-porphyrins is likely different at
some key reaction steps. In both cases, a reduced metal
(M(II)) binds O2 to give a metal-superoxide complex
([M(III)-O2

•−]n). For Fe, the pathway likely involves
reduction and protonation to yield the corresponding hydro-
peroxo complex ([M(III)-O2H]

n). Further reduction and
protonation of a ferric-hydroperoxo can yield a formally
FeIV=O complex.31 Catalyst-control over proton transfer is
especially important for this reaction in iron porphyrin ORR
catalysts.32 Co(II) also binds O2 to form a superoxo
complex,33−35 but from this point, the mechanisms for Co
and Fe diverge. Cobalt porphyrins cannot form stable CoIV-oxo
complexes36 and reduction of a Co(III)-O2

•− intermediate has
been proposed to give a [Co-OOH−] complex during aqueous
ORR.37 Protonation of that complex can yield H2O2. We note
that this reduction sequence is different than has been
proposed in homogeneous organic solutions,8 but such
medium effects can have substantial effects on ORR
chemistry.38 The incorporation of proton relays or redox-

active ancillary groups have been investigated in Co-
porphyrins, but those designs do not explicitly account for
the possibility of an anionic, peroxide-bound intermediates. In
this report, we show that a cationic group proximal to the
metal in Co-porphyrin ORR catalysts improves selectivity for
the 4H+/4e− reduction O2 across a wide pH range.
Our previous work on Co-porphyrins for ORR26 built upon

the idea that proton delivery was crucial for catalyst selectivity,
as is the case for Fe-porphyrins.26 However, related work on
CO2 reduction has shown that electrostatic directing groups in
iron 5,15,15,20-tetra(trimethylanilinium)porphyrin led to a
more dramatic improvement in catalyst activity than did
Brønsted acid proton relays.39 That same iron porphyrin also is
an O2 reduction catalyst in MeCN solvent and its unique
catalytic properties are tied, in part, to the ability of the
cationic porphyrin to bind anions that shift the catalyst
reduction potentials.40 Given the above examples, the catalytic
improvements we observed26 for a Co-porphyrin with a 2-
pyridinium group could have been because of proton transfer
reactions (i.e., as a proton relay) or due to electrostatic
stabilization of anionic intermediates. In the present report, we
designed, prepared, and investigated a series of cobalt
porphyrins (Figure 1) to systematically probe the relative
importance of proton relay activity and electrostatic
interactions of pendant groups in ORR catalysis.

■ EXPERIMENTAL SECTION
Materials and Instrumentation. Reagents were obtained from

Sigma-Aldrich unless otherwise noted and used without further
purification. Gases were from Praxair Canada. Basal plane and edge
plane graphite (BPG and EPG, respectively) electrodes were prepared
according to the literature.41 Mass spectra were collected by using a
Bruker microFlex MALDI-TOF mass spectrometer and electrospray
ionization mass spectrometry experiments used and Agilent 6210
instrument. UV−visible spectra were recorded using a Cary100Bio
spectrophotometer. Elemental analyses (C, H, N) were performed at
Simon Fraser University on a Carlo Erba EA 1110 CHN elemental
analyzer.

The ligands, 5,10,15,20-tetraphenylporphyrin (H2TPP) and 5-(2-
aminophenyl)-10,15,20-triphenylporphyrin (H2TPPNH2), were syn-
thesized using a literature procedure.42 Metalation of porphyrins with
Co(II)acetate was carried out according to the literature.26 The
ligand, 5-(2-N,N-dimethylphenyl)-10,15,20-triphenylporphyrin
(H2TPPNMe2) was synthesized using modified literature proce-
dures,39,42 and its metalation was carried out by refluxing the ligand
with excess Co(II)acetate in dimethylformamide (DMF) for 6 h.
Finally, CoTPPNMe2 was reacted with an excess of methyl triflate in
DMF in 24 h to yield CoTPPNMe3

+. H2TPPNMe2, CoTPPNMe2,
and CoTPPNMe3

+ were characterized by NMR, mass spectrometry,
UV−vis spectroscopy and elemental analysis. Detailed experimental
descriptions and characterization data can be found in the Supporting
Information (Figures S1−S9).

Electrochemical Methods. A Pine Instruments WaveDriver 20
bipotentiostat was used for electrochemical measurements. Cyclic
voltammetry (CV) and controlled potential electrolysis (CPE)
measurements used a conventional three-electrode cell, with an
edge plane graphite (EPG) working electrode, basal plane graphite
(BPG) counter electrode, and a Ag/AgCl (saturated KCl) reference
electrode. Rotating disk electrochemistry (RDE) and rotating ring-
disk electrochemistry (RRDE) measurements used the Pine
Modulated Speed Rotator. Potassium ferricyanide was used as an
external standard for heterogeneous experiments and all potentials are
reported with respect to the normal hydrogen electrode (NHE).
Electrochemical experiments were carried out in solutions with pH
values of 0, 4, and 7. Solutions contained 1 M H2SO4 and the pH was
adjusted using 1 M NaOH.
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Computational Methodology. Calculations were performed
using the ORCA 4.2.1 ab initio quantum chemistry program.43,44

Geometry optimizations and single point calculations were carried out
using the TPSS functional,45 utilizing the RIJCOSX algorithm.46 The
basis set was def2-TZVP on Co, def2-SVP/def2/J on other atoms47,48

and the Becke-Johnson damping scheme was utilized.49,50 Metrical
parameters calculated for CoTPP are similar to those in experimental
X-ray structures.51,52 Optimized structures were characterized using
vibrational frequency calculations at the same level of theory to
confirm that the structures were located at a minimum on the
potential energy surface. Single-point energy calculations used the all
electron aug-cc-pVTZ basis set53,54 in the gas phase and in water
solvent using a dielectric continuum model (CPCM).55 The total free
energy was calculated following Carter et al.56 and included
thermochemical and entropic contributions. The explicit solvation
energy of H+ in water (−270.3 kcal mol−1)57−59 and an empirical
value for NHE (4.281 V)60 were used in reaction free energy
calculations.

■ RESULTS AND DISCUSSION

The ligand H2TPPNMe2 and the complex CoTPPNMe3
+ were

prepared following literature procedures for closely related
complexes.39,42 H2TPP and H2TPPNH2 are known ligands.
Full characterization data are given in the Supporting
Information. The optical spectra of the amine-substituted Co
complexes show Soret bands (412 nm) and Q-bands (521 nm)
that are similar to those for the parent CoTPP (410 and 527,
respectively).61 We conclude that the inclusion of the amine
group does not dramatically affect the electronic structure of
the Co-porphyrins with respect to CoTPP. This series of
complexes allows for a systematic test of the role of
electrostatic interactions versus proton relay effects. At pH 0,
CoTPPNH2 and CoTPPNMe2 will be protonated (i.e., the
conjugate acids, CoTPPNH3

+ and CoTPPNMe2H
+), but at

higher pH they will exist in the neutral form. In contrast, the
charge of the trimethylanilinium group in CoTPPNMe3

+ is
independent of pH.
Homogeneous cyclic voltammetry experiments were first

carried out in MeCN solvent (see Supporting Information,
Figure S10). For CoTPP a reversible CoIII/II couple was
observed at 0.67 V (versus ferrocenium/ferrocene, Cp2Fe

+/0),
consistent with the reported value in propionitrile.62 The
CoIII/II potential for CoTPPNH2 (0.70 V versus Cp2Fe

+/0) is
similar to that of CoTPP, but the potentials for CoTPPNMe2
(0.75 V versus Cp2Fe

+/0) and CoTPPNMe3
+ (0.78 V versus

Cp2Fe
+/0) are somewhat higher. This is qualitatively consistent

with the shift in potential observed for an NMe3
+-substituted

iron porphyrin.39 The observed values are similar to the
reported potentials for a series of Co-tetraarylporphyrin
derivatives.63

Next, each of the Co-porphyrins were drop cast on edge
plane graphite (EPG) electrodes. CVs were first collected in
Ar-sparged electrolyte at pH values of 0, 4, and 7. CVs for all
complexes can be found in the Supporting Information. As
expected, from studies of other deposited Co-porphyrins the
responses are weak.25,27,64 The data for CoTPPNMe3

+ are
shown in Figure 2. CoTPP exhibits a weak, broad wave at 0.55
V versus NHE, consistent with a report for a similar electrode
preparation of CoTPP.27 The cathodic peak (Ep.c) is observed
at 0.47 V (pH 0). This wave is pH-dependent, shifting to more
negative values as the pH is increased.
A definitive assignment of formal potentials is complicated

by the background response from the EPG electrode and
poorly defined anodic waves (Ep,a). Overall, the observed pH

dependence of the CoIII/II couple is roughly consistent with the
behavior of a soluble, related analog cobalt(5,10,15,20-tetra(4-
N-methlypyridyl)porphyrin65,66 where the pH-dependence is
attributed to pronation/deprotonation of an axially ligated
H2O. For CoTPPNH2 and CoTPPNMe2, Ep.c are observed at
0.32 and 0.38 V, respectively. CoTPPNMe3

+ has Ep,c at 0.37 V.
Notably, the Ep,c values for CoTPPNMe3

+ are comparatively
weakly dependent on pH, shifting ∼50 mV more negative
between pH 0 and 7. In cases where Ep,a is clearly observed, the
large peak separations are consistent with the large
reorganization energy associated with the CoIII/II couple.
Furthermore, weak current responses for CO-porphyrins can
attributed to the slow addition of axial ligands to CoIII sites in
heterogeneous films.25 We also note that the amount of
catalyst that we deposit is higher than reports for other EPG-
deposited Co-porphyrins,18,25,28 to enable direct comparison
with our previous work.26 Additional CVs for CoTPPNMe3

+ at
50% less loading are shown in the Supporting Information for
comparison (Figure S16).
When the electrolyte solutions are sparged with O2, CVs for

all of the drop-cast Co-porphyrins show a definite increase in
current near the CoIII/II couple (Figure 3 and Supporting
Information Figures S11−S13). The increase in current is
known for CoTPP, which is an established O2-to-H2O2
reduction catalyst.25,27 For CoTPP (100 mV s−1 scan rate),

Figure 2. Cyclic voltammograms at pH 0 (A), pH 4 (B), and pH 7
(C) of CoTPPNMe3

+ drop-cast on EPG. Blue traces are in Ar-sparged
solution and red are in O2-sparged solution. All scan rates are 100 mV
s−1. The small vertical arrow indicates the position of Ep,c.

Figure 3. Comparison of cyclic voltammograms of EPG-adsorbed
CoTPPNH2 (black), CoTPPNMe2 (blue), and CoTPPNMe3

+ (red)
at pH 0 (A) and pH 7 (B). All scan rates are 100 mV s−1.
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the peak of the catalytic wave, or Ecat, appears at 0.25 V (pH
0), 0.11 V (pH 4) and −0.03 V (pH 7), or 40 mV per pH unit.
For CoTPPNH2, the Ecat is at 0.31 V (pH 0), 0.05 V (pH 4), −
0.16 V (pH 7), or 67 mV per pH unit. The corresponding
methylated complex, CoTPPNMe2, shifts slightly more (ca. 75
mV per pH). Again, the CV behavior of CoTPPNMe3

+ (Figure
2) is distinct from the other Co-porphyrins. Catalytic currents
are observed, but the maximum current values and Ecat
positions are more weakly dependent on pH. From pH 0 to
pH 7, the catalytic wave position moves about 0.18 V, or 26
mV per pH unit. In all cases, the observed current density is
not systematically dependent on pH.
The pH dependence of the O2/H2O couple is 59 mV per

pH, but the speciation of the Co-porphyrins will introduce
additional pH dependences. First, axially ligated waters will
introduce a pH dependence to the CoIII/II reduction
potentials.65,66 In addition, the protonation state of
CoTPPNH2 and CoTPPNMe2 will depend on pH. Using
the pKa values of aniline (pKa = 4.6) and N,N-dimethylaniline
(pKa = 5.2) as models,67 it is expected that CoTPPNH2 and
CoTPPNMe2 are fully protonated at pH 0 and deprotonated at
pH 7. Finally, changing the pH can affect the protonation
states of surface groups on the graphite electrode,68 which also
could affect the CoIII/II couple.
The above results indicate that all of the newly tested Co-

porphyrins are active ORR catalysts. Next, the products of O2
reduction by each catalyst were analyzed using a series of
hydrodynamic electrochemistry experiments. First, rotating
ring-disk electrochemistry (RRDE) was used as a direct probe
of the selectivity of ORR for each of the cobalt catalysts. As for
the CV experiments, pH values of 0, 4, and 7 were used and
the results are set out in Table 1. ORR selectivity was assayed

by calculating the number of electrons (n) involved in ORR
using eq 1

n 4I (I I /N)d d r
1= × + −

(1)

In eq 1, Id is the EPG disk current, Ir is the Pt ring current, and
N is the ring collection efficiency (0.24, as determined using
potassium ferricyanide as a standard, see Supporting
Information). The percent H2O was calculated using equation
S1 (see Supporting Information). RRDE traces for
CoTPPNMe3

+ are set out in Figure 4 and are in available
the Supporting Information for the other porphyrins. As
expected, CoTPP catalyzes primarily a 2e− O2 reduction

reaction to yield H2O2. The addition of a protonatable
nitrogen in CoTPPNH2 and CoTPPNMe2 somewhat increases
the selectivity for reduction of O2 to H2O at low pH, but the
selectivity begins to favor production of H2O2 as the pH is
raised. In contrast, CoTPPNMe3

+ exhibits a greater degree of
4H+/4e− O2 reduction at all pH values tested.
We also carried out rotating disk electrochemistry (RDE)

experiments and analyzed the results using Koutecky−Levich
(K-L) analysis (eq 2, Figure 5) as an independent measure of
the number of electrons involved in O2 reduction. eq 2 is given
as

i i (0.62nFAD C)1
K

1 2/3 1/6 1 1/2ν ω= + ×− − − − −
(2)

Table 1. Summary of the Number of Electrons (n) Involved
in ORR Catalysis for Each Cobalt Porphyrin

RRDE RDE

Catalyst pH nRRDE H2O% nRDE

CoTPP 0 2.6 ± 0.1 31 ± 5 2.2 ± 0.3
4 2.8 ± 0.2 40 ± 5 2.3 ± 0.2
7 3.0 ± 0.1 48 ± 5 2.6 ± 0.1

CoTPPNH2 0 3.1 ± 0.1 57 ± 4 3.5 ± 0.5
4 2.7 ± 0.2 33 ± 5 3.1 ± 0.4
7 3.0 ± 0.1 49 ± 6 2.2 ± 0.2

CoTPPNMe2 0 3.4 ± 0.1 68 ± 3 3.0 ± 0.5
4 3.0 ± 0.1 51 ± 6 3.2 ± 0.4
7 3.1 ± 0.1 54 ± 7 2.2 ± 0.2

CoTPPNMe3
+ 0 3.8 ± 0.2 91 ± 4 3.5 ± 0.2

4 3.5 ± 0.2 74 ± 5 3.2 ± 0.3
7 3.2 ± 0.2 62 ± 8 3.4 ± 0.4

Figure 4. RRDE linear sweep voltammograms for CoTPPNMe3
+

deposited on an EPG disk electrode under 1 atm O2. The rotation
rate was 900 rpm. The scan rate was 20 mV s−1. The potential at the
Pt ring was 1.2 V.

Figure 5. (A) Linear sweep voltammograms from rotating disk
electrochemistry experiments for CoTPPNMe3

+ in pH 0 solution and
(B) Koutecky−Levich (K-L plots) derived from the data in panel (A).
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where I is the observed current, n is the number of electrons
passed, F is the Faraday constant (96485 C mol−1), A is the
electrode surface area (0.075 cm2), D is the diffusion
coefficient of O2 (1.9 × 105 cm2 s−1), ν is the kinematic
viscosity of water (at 22 °C = 0.01 cm2 s−1), C is the
concentration of O2 (2.6 × 10−7 mol cm3),69,70 and ω is the
electrode rotation rate in radians per second. K-L plots (e.g.,
Figure 5) were linear and the values calculated for n from the
slopes of the linear fits are set out in Table 1. Additional K-L
plots are shown in the Supporting Information.
The results for analyses using K-L plots are, in general,

similar to those from RRDE. However, there are some
differences, especially as the pH is increased for CoTPP,
CoTPPNH2 and CoTPPNMe2. We are not the first to notice
such behavior when comparing between RDE and RRDE
experiments for Co-porphyrin catalyzed ORR.64 In addition,
RRDE experiments are sensitive to the state of the Pt ring
electrode, especially when significant H2O2 is produced.

25 For
CoTPP, n is less than 4 at all pH, consistent with other
reports.25,27 In contrast, CoTPPNMe3

+ is much more selective
for the reduction of O2 to H2O at all pH. For CoTPPNH2 and
CoTPPNMe2, more H2O is produced at pH 0 (when the
ancillary group is protonated) than at pH 4 or 7. Based on
marked differences in the shape of RDE traces as the pH is
increased, these two catalysts appear to be less stable when
more H2O2 is produced. One possibility is reactions of free or
metal-catalyzed oxidations of the amine groups by the H2O2
produced during O2 reduction.71−73 This may contribute to
the disagreement between RDE and RRDE results at higher
pH (Table 1). Based on these results, aniline and dimethylani-
line groups appear to be satisfactory proton relays at low pH
(i.e., when they are protonated), but their susceptibility to
oxidation makes them unsuitable for systems where strong
oxidants can be produced.
The kinetics of O2 reduction by CoTPPNMe3

+ drop-cast on
EPG electrodes in different pH solutions were extracted from
K-L plots. The electroactive CoTPPNMe3

+ concentration on
EPG electrodes were calculated from the total charge (QCV =
155, 119, and 90 nC at pH 0, 4, and 7, respectively) passed at
the reductive CoIII/II in argon-sparged solutions, i.e., Γcat =
QCV/nFA, where n was the number of electrons is 1, F was
Faraday constant, and A was electrode surface area. The above
charges yields values of Γcat of 2.1 × 10−11 mol cm−2, 1.6 ×
10−11 mol cm−2 and 1.2 × 10−11 mol cm−2, respectively, at pH
0, 4, and 7. The intercepts form K-L plots were used to
calculate the catalytic rate constants. The second-order
catalytic rate constant for CoTPPNMe3

+ drop-cast on EPG
were 1.1 × 106, 9.3 × 105, and 9.1 × 105 M−1 s−1 at pH 0, 4
and 7, respectively. These rates are very similar to those
reported for other heterogeneous Co-porphyrin catalysts.64,74

Strikingly, the rate constants are nearly insensitive to pH
between pH 0 and 7.
Turnover frequency (TOF)75,76 values were determined

using the kcat values given above and the concentration of O2 in
electrolytes under 1 atm of O2. A summary of different logTOF
for each pH studied as a function of overpotential are shown in
Figure 6. The logTOF values come from the different intercept
values from K-L plots (see Supporting Information). The
maximum values of TOF were observed between 0.8 and 1 V
overpotential for all pH values. Again, it is noteworthy that the
trends of logTOF versus overpotential are very similar across
pH values of 0 to 7. Analogous plots for CoTPP, CoTPPNH2,
and CoTPPNMe2 are not as informative since the product

selectivity (H2O versus H2O2) changes with pH. Likewise,
inspection of K-L plots for overpotentials lower than 0.6 for
CoTPPMe3

+ suggest an increase in H2O2 production, so those
data are not shown in Figure 6.
Among the catalysts described here, and those in our

previous work,26 CoTPPNMe3
+ is unique. It lacks an explicit

proton relay, yet catalyzes the 4H+/4e− reduction of O2 with
good rates and selectivity from pH 0 to 7. For CoTPPNH2,
CoTPPNMe2, and two previously reported complexes
CoTPOH and CoTPPy (5-(2-hydroxyphenyl)-10,15,20-tri-
phenylporphyrinato cobalt(II) and 5-(2-pyridyl)-10,15,20-
triphenylporphyrinato cobalt(II), respectively), we can begin
by comparing relative pKa values of the different proton relays.
Again taking the aqueous pKa values as models (i.e., pyridine
(5.3), aniline (4.6), N,N-dimethylaniline (5.2) and phenol
(10)67) it is straightforward to see one reason why CoTPOH is
the least effective ORR catalyst; the 2-hydroxypheyl group is a
much weaker acid and also cannot form a cation. Consistent
with this idea is the behavior of the three Co-porphyrins with
nitrogen bases, all of pKa ∼ 5. These catalysts have n = 3−4 for
ORR at pH 0 (i.e., H2O is the main product), but n ∼ 2 at
higher pH values. Notably, at pH 0 the selectivity of CoTPPy
is quite similar to CoTPPNH2 and CoTPPNMe2, despite the
different distance between the ionizable nitrogen and the
metal. This has been commented on, and modeled, for a
related iron porphyrin.13

Next, we consider reasons why CoTPPNMe3
+ shows better

selectivity for reduction of O2 to H2O in comparison to the
three other Co-porphyrins. As noted in the Introduction, the
mechanism of ORR by Co-porphyrins has been proposed to
procced via reduction of a peroxide- or hydroperoxide-bound
intermediates.37 Our initial hypothesis was that the cationic
trimethylaniline group would stabilize these intermediates and
promote selectivity for reduction of O2 to H2O. To gain a
greater level of insight into this proposal, we carried out
quantum chemical calculations using the series of intermedi-
ates proposed by Anson.37 The complexes considered were
CoTPP, CoTPPNH2 and CoTPPNMe3

+ with O2, O2
2−

, and
HOO− ligands. Optimized structures are given in the
Supporting Information. Bond metrical parameters for
CoTPP were in accord with experiment,51,52 and those for
the CoTPP-O2 complex were similar to other computational
studies.77,78 Optimized structures and some key bond lengths
are shown in Figure 7. For simplicity, only CoTPPNH2 and
CoTPPNMe3

+ are shown in Figure 7. The results for CoTPP
are very similar to those for CoTPPNH2 (see Supporting

Figure 6. Turnover−overpotential relationships for CoTPPNMe3
+ at

different pH values. TOF values were determined from K−L plots
from RDE data collected in pH 0, 4, and 7 solutions under 1 atm O2.
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Information). The CoTPPNMe3
+ complex shows longer O−O

bond lengths in each of the complexes in Figure 7. Notably, the
O−O bond length in the hydroperoxide complex [HOO-
CoTPPNMe3]

0 is longer than we calculated for H2O2 (1.472 Å
versus 1.466 Å). This greater degree of activation is consistent
with the observation the CoTPPNMe3

+ reduction of O2 to
H2O rather than H2O2.
Free energies were calculated for different reaction steps

(Figure 8) following methods described by Carter and co-

workers.56 The calculations suggest that hydrogen bond
between bound O2 and the anilino group slightly promotes
the O2 binding step (1 → 2). Interestingly, CoTPPNMe3

+ is
calculated to have a higher affinity for O2, likely via ionic
stabilization of bound superoxide (i.e., a formally Co(III)-O2

•−

complex33−35). Two electron reduction (2 → 3) to give a
Co(II)-peroxide is more favorable for the CoTPPNMe3

+

complex. The subsequent protonation (3 → 4) of the
dianionic CoTPP-peroxide complex, to give the corresponding
Co-hydroperoxide complex, is more favorable for CoTPP and
CoTPPNH2, resulting in an energy that is relatively close to
that for the CoTPPNMe3

+ hydroperoxide complex. Proto-
nation of the CoTPPNMe3

+-hydroperoxide complex to give
H2O2 is predicted to be unfavorable (4 → 5), while the
pathway to yield H2O is favored (4 → 6).

■ CONCLUSIONS

The development of catalysts for the oxygen reduction reaction
(ORR) continues to be a challenge. The results presented here
suggest that stabilization of intermediates through electrostatic
interactions can play distinct roles in determining catalyst
selectivity for reduction of O2. The ORR selectivity of iron
porphyrin catalysts can be improved by introduction of
hydrogen bonding interactions that influence the chemistry
of Fe(III)-OOH intermediates or O2 binding events.16,17,32

One important example is the ORR selectivity over a wide
range of pH values observed in a triazole-ferrocene modified
Fe-porphyrin, which likely arises from an interplay of local
hydrogen bonds and ferrocene-mediated ET.17 In contrast,
cobalt porphyrin ORR catalysts cannot access high valent
intermediates and therefore must proceed via a different
mechanism. This leads to our proposal that ORR selectivity of
Co-porphyrins can be improved by accounting for the
mechanistic steps that are distinct from Fe-porphyrins. Instead
of hydrogen bonding, electrostatic stabilization of anionic
intermediates (likely peroxide-bound Co(II)) by conjugate
acids of nitrogen bases, or trimethylanilinium (cationic) groups
is important. We demonstrated that the use of a
trimethylanilinium group proximal to the catalytic porphyrin-
cobalt site results in pH-independence of ORR rates and
overpotentials. We suggest that this could be an overlooked
design element for ORR catalysts, and potentially for other
redox catalysts. One example comes from the CO2 reduction
literature, where a cobalt phthalocyanine with a trimethylani-
linium group is an effective catalyst,79 though the mechanism
there is less clear because the NMe3

+ group is not proximal to
the Co. In sum, the unique physical properties of cobalt
porphyrins mean that ORR occurs by a mechanism that is
different than for iron porphyrins. This, in turn, demands
different catalyst design elements. Ultimately, catalysts that
operate over a wider range of reaction conditions, such as
different pH ranges, can be envisioned by considering
electrostatic interactions of activated intermediates.
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Figure 7. Optimized structures for CoTPPNH2 (left column) and
CoTPPNMe3

+ right column. The top row shows dioxygen complexes,
the middle row shows peroxide complexes, and the bottom row show
hydroperoxide complexes. The O−O distances are given above the
oxygen ligands and the NH-O bond distances are given from
CoTPNH2.

Figure 8. Calculated relative free energy changes for O2 reduction by
CoTPPNH2 (red) and CoTPPNMe3

+ (blue).
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