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I. General considerations

All commercially available reagents and solvents were used as received, except where otherwise noted.
Perchloric acid (70%) was obtained from Sigma Aldrich. UV-Vis spectra were recorded on an Agilent Cary
60 spectrometer.

I1. OCP measurements of Ent/n, using literature conditions

A. Open-circuit potential (OCP) measurements for Ey*n, with different buffered conditions. The
H'/H, potential in organic media can be determined through open-circuit potential measurements at a Pt
electrode using a recently reported protocol.! The H/H, potentials were measured for DMF with various
buffered conditions under 1 atm H; (local atmospheric pressure of 752 mm Hg, correction to 1 atm < 1
mV). All DMF solutions were containing 0.1 M [NBw][ClO.] as supporting electrolyte. These conditions
were chosen to give media that have stable, well-defined thermodynamics for the H/H, equilibria. Stable

open-circuit potentials of H"/H, (En*m,) were observed, and En*m, were referenced to Fc*" by adding
decamethylferrocene and performing CV at a second, glassy carbon working electrode in the same solution
(Figure S1).
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Figure S1. Schematic of the four-clectrode cell configuration used for open circuit potential (OCP)
measurements.' The reduction potential of H/H, was measured for DMF solutions with various buffered
conditions under 1 atm H». All DMF solutions were containing 0.1 M [NBusClOs] as supporting electrolyte
(Figure S1 is reproduced from ref. 1; copyright 2013 American Chemical Society.)

B. Homogeneous O; reduction catalyzed by monomeric Co complexes in the literature were conducted in
aqueous or organic solutions. To estimate the thermodynamic reduction potentials of O»/H,O: (Eo,m,0,) of

that ORR conducted in organic solutions, the OCP measurements of Eutmn, were performed to estimate
Eo,mo0, under different reaction conditions (Figures S2 and S3). In additions, corresponding buffered

conditions are used for all OCP measurements of Eut/m,. Buffered conditions are used because the presence
of "buffer" ensures that there are only negligible changes in the proton concentration during the OCP

measurements of Eutm,. All reported Ewtm, are relative to the Fc*™0,
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Figure S2. The black traces show the average OCP of Entn, with 10 mM HCIO4 in DMF under 1 atm Ho.
Ewtm, = —0.25 V vs. Fe*" Supporting electrolyte: 0.1 M [NBusC10s4].
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Figure S3. The OCP measurements of Extn, under 1 atm H, for different conditions: (a) 20 mM HClO4 in

MeCN;? (b) 20 mM each of HCIO4 in PhCN;** (c) 50 mM HCI1O, in PhCN.>¢ Supporting electrolyte: 0.1
M [NBusClOy].
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II1. Estimation of Eo,m,0, based on the literature conditions

A. Estimation of Eo,m,0, based on Enn, measured by OCP.’

The reduction potential for O»/H,O; in DMF may be estimated using i) the standard aqueous cell potential
for O + H, — H,0, ii) the measurement of the open circuit potential (OCP) for H'/H, (En*m,) (cf. Figure
S2), and iii) the Gibbs free energy to transfer H O, from H,O to DMF.*® For instance, Eo,/m,0, for the DMF
solution in the presence of 10 mM each of HC1O4 and [NBu4][ClO4] is calculated by the following equations:

D) Oy + Hyy = HOoag E°0yinosag) = 0.68 VS Entiinyag)
ii) 2 H+(DMF) +  2e (wwre0) = Hyg Eutmyowmr) =—-0.25 V vs Fc**""
iii) H:02609 = H2O0o0pwmr) AGH,05aq > pMr) = < 1 kcal/mol

Oy + 2€ (vskertty + 2 H+(DMF) = H:0:0mr Eo,m0,0mr) = 0.43 V vs Fex™?

Table S1. A summary of reduction potentials of H'/H, and O»/H>O, under organic conditions in the
literature. All potentials are relative to the Fc*™°.

DMF, MeCN, PhCN, PhCN,

10 mM HClO4* 20 mM HClO4 20 mM HClIO4 50 mM HCIO4
Eutm, -025V 031V 029V 031V
Eoym0,” 043V 099V 097V 0.9V

9Reaction condition for this study. ?At the standard-state condition of 1 M H2O2, Eo,1,0, = Enm, + 0.68 V.

B. A thermodynamic reduction potential of Eo,mn,0, under standard state conditions

The oxygen reduction catalyzed by 1-8 were conducted in the presence of 100 uM urea-H»O, to establish
a stable thermodynamic reference state for the effective overpotential. Because previous studies of catalytic
ORR typically do not include a background concentration of H>O; in the reaction medium, we elected not
to use this reference state in the effective overpotentials reported here to ensure that all catalysts were treated
the same way. Hence, the effective overpotentials were calculated by assuming the reactions were
performed under standard-state conditions for the entire study (i.e., | M H,O;). At standard-state conditions,
the thermodynamic reduction potential of Eo,m,0, under our catalytic conditions is calculated to be 0.43 V.

IV. Electrochemical experiments

A. General considerations for cyclic voltammetry (CV).

All CV experiments were performed with a CH Instrument 600E Potentiostat at room temperature. The
supporting electrolyte for all electrochemical experiments was 0.1 M tetrabutylammonium perchlorate
(INBus][CIO4]). The three-electrode setup for all cyclic voltammogram measurements included a glassy
carbon (GC) working electrode (3.0 mm diameter), a platinum (Pt) wire counter electrode, and a 0.01 M
Ag/AgNOs non-aqueous reference electrode.

B. Cyclic Voltammograms of 1-8 in DMF.

1. The half-wave potentials of Co(por) complexes 1-8 (E12(Co™ ")) were recorded both in the absence and
presence of 10 mM HCIlO,4. Half-wave potentials were recorded under buffered conditions because the
catalytic rates of O, reduction were measured under buffered conditions (vide infra). Therefore, the
E15(Co™™Myused to calculate the effective overpotentials in this study (cf. eq 3 in the main manuscript)

/1T
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reflects the actual E1»(Co™") under catalytic conditions, which ensures effective overpotential are
calculated correctly.

2. Buffered conditions are used in the catalytic reaction because protons are consumed in the catalytic
reaction, and the presence of "buffer" ensures that there are only negligible changes in the proton
concentration (cf. Section V).

Chart S1. Molecular Co(por) complexes 1-8 in this study
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Figure S4. Cyclic voltammograms of 1 mM 1-8 in DMF solutions. All CVs were recorded under 1 atm N»
at the scan rate of 10 mV/s, and all E1,(Co™") are relative to the Fc*"°.
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Figure SS. Cyclic voltammograms of 1 mM 1-8 in DMF solutions containing of 10 mM HCIO4. All CVs
were recorded under 1 atm N, at the scan rate of 10 mV/s, and all E12(Co™") are relative to the Fc**°.
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Table S2. A summary of E»(Co™") of 1-8 in the absence and presence of 10 mM each of HCIO4 and
[NBus][ClO4]. All E;(Co™") are relative to the Fc**°.
E12 (V)

Conditions ‘ 2 3 - S 6 i 8
0mM
HCIO4/[NBu4][CIO4] 0.40 0.38 0.29 0.29 0.30 0.29 0.22 -0.42
10 mM

HCIOW/[NBu4][CIO4] 0.39 0.37 0.32 0.32 0.30 0.28 0.26 0.10

Table S3. A summary of effective overpotentials (7, V) for the O, reduction catalyzed by 1-8.“"

Co(por) 1 2 3 4 5 6 7 8
Neft (V) at
standard state 0.04 0.06 0.1 0.1 0.13 0.15 0.17 0.33
condition®

“ Buffered conditions: 10 mM each of HC1O4 and [NBu4][ClO4]. * 7etr = Eoy/t10, — E12(Co"™M), Eoyi0, = 0.43 V vs. Fe**0 (section
III). “The effective overpotentials at standard state conditions were used for Figures 2, 5 and 6 in the main manuscript.

V. Turnover frequencies of ORR catalyzed by 1-8

A. General considerations for kinetic studies of O, reduction catalyzed by 1-8.

1. Catalytic O reduction was followed by UV-visible spectroscopy at 780 nm, where an increase in
absorption is observed due to the formation of Fc**.!® A background concentration of 100 uM urea-H,O»
was added each of the reaction mixture to establish a stable thermodynamic reference state. This 10*-fold
difference in [H,0] compared to the standard state conditions (1 M H,0,) formally would correspond to a
120 mV Nernstian shift in the thermodynamic O./H,O: potential (cf. Section III). Control experiments
showed that neither the presence of urea nor the presence of urea-H>O, in the reaction mixture influences
the reaction rate.

2. Each catalytic experiment was conducted under buffered conditions. Because protons are consumed in
the catalytic reduction of O, and the presence of "buffer" ensures that there are not large changes in the
proton concentration during the course of the catalytic reaction. In addition, buffered conditions are crucial
to establish a stable thermodynamic reduction potential for O»/H,O, under the reaction conditions (cf.
Sections I-II).

B. Experimental protocol for catalytic O; to H.O: by 1-8.

A 2.7 mL DMF solution of 1.1 mM Fc*, 110 uM urea-H,O,, and 11 mM [NBw][ClO4] was vigorously
sparged with O, for 3 minutes to prepare the O,-saturated solution. A 0.3 mL N»-saturated DMF solution
containing the cobalt complex being investigated (1-8, 0.1-100 uM) and 100 mM HCIO4 was rapidly
injected into the O,-saturated DMF solution. The reaction mixture was then vigorously shaken for 20 sec
and the absorbance was monitored at 780 nm by UV-visible spectroscopy. The final concentration of each
of the components in the reaction mixture is as follows: 1 mM Fc*, 0.01-10 uM 1-8, 10 mM each of HCIO4
and [NBu4][C104], 100 uM urea-H>O,, and 4.5 mM O,."!

C. Calculations of turnover frequencies (TOFs).

Background O; reduction by Fc* was observed in the absence of 1-8 under the experimental conditions
(Figure S6, gray traces),'? and the rate of this background reaction was subtracted from the initial rates
obtained from the reactions conducted in the presence of catalysts (Figure S7). Initial rates, in units of
mM-s™, were obtained by fitting UV-visible time-course data with linear regression during the first ~5% of
the reaction, as shown by insets in the plots below (Figure S7). The turnover frequencies (TOFs, s™) were
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then determined by dividing the number of electron transferred (to account for the conversion of O, to H>O»
or H>O on the basis of consumption of single-electron reductant, Fc*) and the catalyst concentration (TOF
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Figure S6. UV-visible time-course raw data for the catalytic O, reduction. Blue trace: the formation of Fc**
due to the catalytic O reduction and the background O, reduction by Fc*; gray trace: the formation of Fc*"
due to the background O; reduction by Fc* (in the absence of Co catalysts). Concentration of Co complexes
1-8 for each study: 1, 10 uM; 2, 10 uM; 3, 1 uM; 4, 10 uM; 5, 2 uM; 6, 2 uM; 7, 2.5 uM; 8, 0.01 uM.
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Figure S7. UV-visible time-course data for O, reduction catalyzed by complexes 1—8 that provide the basis
for the TOFs associated with the complexes in Figure 3 of the main manuscript. Black trace: the O,
reduction catalyzed by complexes 1-8, which are obtained by subtracting the grey trace from the blue trace
in Figure S4a. Concentration of Co complexes 1-8 for each study: 1, 10 uM; 2, 10 uM; 3, 1 uM; 4, 10 uM;
5,2uM; 6,2 uM; 7, 2.5 uM; 8, 0.01 uM. Insets: the data points are fitted with linear regression to calculate

the initial rates.

Initial rates of O» reduction (mM/s) = initial rate of A[Fc*]/(2 x time)
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Turnover frequency (TOF) for O, reduction (s™') = initial rate of O reduction/[Co].

Table S4. A summary of turnover frequencies (TOF, s™) for the O, reduction catalyzed by 1-8.°

Co(por) 1 2 3 4

5

6 7 8

TOF (s™) 0.0052 0.012 0.015 0.034 0.056

0.12 0.24 7.5

“ Buffered conditions: 10 mM each of HCIO4 and [NBu4][ClO4].
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VI. Selectivity of ORR catalyzed by 1-8

A. Ti"(0)SOy colorimetric assay for HO, Quantification.

The first method for H,O» quantification used was a colorimetric assay using aqueous Ti''(0)SO4, modified
from a literature procedure.'*'* A calibration curve was constructed by first preparing a series of 10 mL
DMEF solutions with various concentrations of urea-H>O» (0.05, 0.10, 0.15, 0.20, and 0.25 mM). A 0.1 mL
solution of Ti'V(0)SO4 was added to the above solutions, respectively. The absorbance at 407 nm was
measured by UV-visible spectroscopy to create the calibration curve as shown in Figure S8.

To quantify H>O; in the catalytic reaction mixture, a 0.5 mL aliquot of the catalytic reaction (cf. Section V)
was vigorously mixed with 2 mL deionized H>O and 5 mL dichloromethane. The aqueous layer (= 2.1 mL)
was collected, and a 20 L solution of Ti'V(0)SO4 was added to this aqueous layer. The absorbance at 407
nm was measured by UV-visible spectroscopy.

The absorbance at 407 nm was analyzed with (red trace) and without (black trace) Ti'V(0)SO; (cf. Figure
S9). The concentrations of H>O; in different catalytic reaction mixtures were calculated from the slope of
the calibration curve (cf. Figure S8a, y = 0.7415x + 0.0044) as follows:

1) AAbs = Abs@407 nm (Figure S9, red trace) — Abs@407 nm (Figure S9, black trace)

2) [H202]exp (mM) = (AAbs — 0.0044)/0.7415

3) For a 2¢7/2H" catalytic O reduction reaction (Fc* is 1 mM for all catalytic reactions):
[H20:] = 0.5 mM x (0.5 mL (aliquot)/2.1 mL (aqueous layer)) = 0.120 mM

4) Selectivity of H,O2 (%) = [H202]exp/0.120 mM

(@4 — (0) 925
y = 0.7415x + 0.0044
R = 0.9978

o
[N}

03 | ¢ — 0.25mM H,0,

o
o

— 0.10 MM H,0,
= 0.10 MM H,0,

b
01 | K—OmM H,0,

300 450 600 750 900 0 0.1 0.2
A(nm) [H20,] (mM)

Figure S8. (a) UV-visible spectra for Ti'V(0)SOs-based detection of varying (0-0.25 mM) concentrations
of H,0,. (b) Calibration curve constructed from data in Figure S8a.
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Figure S9. UV-visible spectra for the detection of H,O; from O, reduction catalyzed with 4-7 via treatment
with Ti"V(0)SOs (red trace) and background spectra without adding Ti'V(0)SO4. The selectivity for
catalytic O, reduction by 4-7: 4, 95 %; 5, 97 %; 6, 95 %; 7, 95%.
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B. Iodometric titration for H,O: quantification

The second method for quantitation of H,O, produced was determined by titration with iodide ion, as
described previously in the literature.'>' In an iodometric titration, the formation of I~ and the consumption
of H,O; follows a one-to-one ratio (2 Nal + H,0; — I + 2 NaOH, Nal + [, — Nals). The concentration
H,05 can be derived from the concentration of Is~ (Abs@361 nm = eb[I37]). All iodometric titrations are
conducted anaerobically to avoid the oxidation of I" to I3~ by O».

To quantify H>O; in the catalytic reaction mixture, a 60 pL aliquot of the 3 mL catalytic reaction mixture
was diluted in CH3CN (2.94 mL), and an excess amount of Nal (0.1 M) was then added. The amount of I3~
formed was determined by the UV-visible absorption spectroscopy (Amax@361 nm, € = 2.8 x 10* M!
cm ")."” The absorbance at 361 nm was compared from aliquots withdrawn and analyzed with and without
added Nal (red and black traces, respectively, in Figure S10). The difference in the absorbance at 361 nm
was used to quantify the amount of H,O, formed in the catalytic reaction, according to the following
considerations:

(1) For a 2¢"2H" catalytic O, reduction:

t. [LCo]
0+ 2 Fe* (1.0 mM) + 2 HA ————"'5 H,0; (0.5 mM) + 2 Fc** + 2 A~

(2) The diluted CH3;CN solution of the product mixture contains the following theoretical amount of
hydrogen peroxide: [H>O,] (mM) = (60 uL/3000 puL) x 0.5 mM = 0.01 mM.

(3) Abs@361 nm (red trace, Fig. S10) — Abs@361 nm (black trace, Fig. S10) = eb[I57], [I57] = [H202]exp
(4) Selectivity of H2O: (%) = [H202]exp/0.01 mM

Two control experiments were conducted:

Nal (0.1 M) and Fc*" (1 mM) were combined in the presence of 10 mM each of HC104 and [NBu4][C104]
in DMF anaerobically. The mixture was analyzed by UV-visible spectroscopy (300-900 nm) anaerobically
for 60 min. No reaction was observed (i.e., no change in the Fc*" concentration in the absence of 6).

Nal (0.1 M) was combined with catalytic amount of 6 (10 uM) in the presence of 10 mM each of HCIO,
and [NBu4][ClO4] in DMF anaerobically. The mixture was analyzed by UV-visible spectroscopy (300-900
nm) anaerobically for 60 min, and no reaction was observed (i.e., no catalytic oxidation of I” by 6).
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Figure S10. UV-Vis absorption spectral change before (black) and after (red) the addition of Nal (excess,
0.1 M) to a diluted reaction mixture in MeCN. The selectivity for catalytic O, reduction to H,O by 1-3, 8:
1, 98 %; 2, 93 %; 3, 98 %; 8, 97%.

Table S5. A summary of selectivity for O, reduction catalyzed by 1-8
Co(por) 1 2 3 4 5

6 7 8

% H202 98 % 93 % 98 % 95 % 97 % 95 % 95 % 97 %
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VII. Turnover frequencies and effective overpotentials for Co(por), Co(N:20:), and Fe(por)

Neit (O2/H,0, mV)
550 750 950 1150 1350

log(TOF, s)

0 200 400 600 800
Mt (O2/H205, mV)
Figure S11. Linear free energy relationships that correlate log(TOF) and #.s for the O, reduction to H.O
or H,0,, catalyzed by Co(por), Co(N20>) (red),'” and Fe(por) (blue).'®

Chart S2. Molecular Co(N202) complexes a—h for catalytic O, reduction'’

HO,C

Mes, Mes %;§
> ‘\ / \
=N_ N= o ,=N_ N= O =N_ N= =N N=
EtO,C—( ©C6  )—COuEt § cd ) 6. 4
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a b c d

H;C  CHj H;C  CHj

=N N= S H,CO =N, N=  OCHs N, N=

Co, Co, Co, Co,
o o Bu o o Bu o o o o
Bu Bu H HO OH
e f g h

sCO OCH; HGO OH

For the O, reduction catalyzed by Co(N»O,) complexes, the thermodynamic reduction potential of Eo,imp0,
under standard state conditions (i.e., | M H0,) is calculated to be 0.37 V versus Fc*"° which is used to
calculate the effective overpotentials of O, reduction catalyzed by a—h in this study.'’

Chart S3. Molecular Fe(por) complexes for catalytic O, reduction'®
Ar' = Ph-2-CO,H  1PMF

Ar Ar' = Ph-2-CO,Me 2PMF

A Ar' =Ph-4-OMe  3PMF
, Ar'=Ph-4-SO,H 4PMF

AT Ar=ph 5OMF

GDMF

Ar Ar' = Ph-4-Br
Ar' = Ph-4-CO,H  7PMF
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For the O, reduction catalyzed by Fe(por) complexes, the thermodynamic reduction potential of Eo,m,0
under standard state conditions (i.e., 1 M H,0) is calculated to be 0.50 V versus Fc™° using the using the
Nernst equation as below:

Eoymo vs. Fe™ (V) =0.55 V —0.030 V x log([H20]: M/[H20]20 mm) = 0.50 V

This potential is used to calculate the effective overpotentials of O, reduction catalyzed by 1°MF*—7°MF in
this study (i.e., Figures 2 and 5 in the main manuscript).'®

Table S6. Turnover Frequencies (TOF, s') and Effective Overpotentials (7, V) of O, Reduction
Catalyzed with Co(por), Co(N,O>), and Fe(por).

Co(por)? TOF (s) et (V)9 Co(N202)?  TOF (s) 7 (V)¢ Fe(por)° TOF (s) et (V)°

i i
I I
1 0.0052 0.04 : a 0.027 0.06 : 1DMF 2000 1.13
2 0.012 0.06 b 0.032 011 |  20™F 2500 1.11
3 0.015 011 1 ¢ 0.17 017 1  30MF 160 1.05
4 0.034 0.11 E d 0.21 0.20 E 4PVF 180 1.04
5 0.056 013 e 0.34 020 , 5PWF 27 1.03
6 0.12 015 1 f 0.079 021 1  6oWF 5 0.99
7 0.24 0.17 E g 1.1 0.32 E 7PMF 15 0.99
8 7.5 033 h 5.5 0.46

“This study. *See ref. 17 for experimental details. “See ref. 18 for experimental details. “The effective overpotentials
were calculated assuming standard state conditions (i.e., | M H20z). “The effective overpotentials were calculated
assuming standard state conditions (i.e., | M H20).
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VIII. Turnover frequencies of previous O reduction studies

A. Calculation of turnover frequencies for chemical O reduction

For the chemical reduction of O, reactions studied by UV-vis spectroscopy, the TOFs are calculated in the
same manner as the Section V. Initial rates, in units of mM-s™, were obtained by fitting UV-visible time-
course data with linear regression during the first ~5% of the reaction for each of original reference. The
turnover frequencies (TOFs, s) were then determined by dividing the number of electron transferred to

account for the conversion of O, to H>O, on the basis of consumption of single-electron reductant (ferrocene
A[Fc*]/2 26,19
[Co]xtime’

derivatives) and the catalyst concentration (TOF (s™) = see also Section V).

Table S7. A summary of turnover frequencies for previous chemical O, reduction studies
Initial time

Co for estimating TO1Fa Rate Law Reference
TOF %)
Co(TPP) 4.2ms 4500 k[Co][Fc] (Fig. 2 i2n ref. 2)
3,4
Co(OEP) 05s 170 k[Co][Fc] (Fig. 1ain ref. 3)
Co(PhsPc) 50s 05 ucolH10 19
8 (MeFc)y MCOIHNOA kg s71in ref. 19)
- 56
+ 6
Co(Chj) 17s 1200  K[Co][H*][O2] 6

(Fig. S6 in ref. 6)

“TOFs were calculated based on the initial consumption of ferrocene derivatives by catalyst concentration per
second (TOF (s7') = —1/2 x [Fc'}/([Co] x time)).

B. Calculation of turnover frequencies for electrochemical O reduction

1. For the electrochemical reduction of O, reactions studied by cyclic voltammetry (CV), the TOFs (kobss,
s") are calculated according to eq S1. In equation S1, i. is the catalytic current in the presence of catalysis,
ip 1s the catalytic current in the absence of catalysis, #n. (2) is the number of electrons transferred in the
catalytic wave, n, (1) is the number of electrons transferred in the non-catalytic wave, F' is Faraday’s
constant (F = 96500 C mol™), vis the scan rate in V/s™' 2928

ie e RTkons
L 1
b 044707 Fv (eq S1)

2. For the electrochemical reduction of O, reactions studied by rotating disk electrochemistry (RDE), the
TOFs (kobss, s™') are calculated according to eq S2. In equation S2, i is the catalytic plateau current, 7. (2)
is the number of electrons transferred in the catalytic wave, F is Faraday’s constant (F = 96500 C mol™), 4
is the surface area of the disk electrode, C.,, is the catalyst concentration, D is the diffusion constant of
the catalyst.2*2®

ipl =n.FA CZat V Dcatkiobs (eq Sz)
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Table S8. A summary of turnover frequencies for previous electrochemical O, reduction studies

Co ic (UA?  ip (uA)®  Technique TOF (s™) Reference
Co([14]aneNs)  475° - RDE 25 29
: (Fig. 3 in ref. 29)
30
Co(TMPyMeP) 64 2 cv 36 (Fig. 5 in ref. 30)
31
Co(hmc) 33 19 cv 0.29 (Fig. 7 in ref. 31)
59 32
Co(BrsTMPyMeP) 35 2 CV' (pH12) (Figs. 2, 3inref. 32)
44 32
Co(BrsTMPyMeP) 30 2 cv (PH7)  (Figs. 2, 3 in ref. 32)
33
Co(BrsTPPS) 21 2 cv 21 (Figs. 2, 3 in ref. 33)
Co(TMPyP) 68 10 cv 45 3

(Figs. 2c, 5 in ref. 34)

%, catalytic current. “i,: non-catalytic current. “iyi: catalytic plateau current.

3. The TOF of Co(TMPyMeP) was estimated using the CVs presented in Ref. 30, Figure 5. The catalytic
CV does not exhibit ideal S-shaped electrocatalytic behavior with a plateau (the current is limited by
diffusion). Therefore, the calculated catalytic TOF represents a lower limit. The i. and i, were estimated to
be 64 YA and 2 pA, respectively, according to the scale bar in Figure S12. The turnover frequency was

therefore calculated to be 36 s using the equation S1.

Ar
-
3
b Ar
5 Ar
O]
Ar
\ +
0.4 0 -0.4 Ar = %‘QN ~
CI-
E, V vs. Ag/AgCI Co(TMPyMeP)
Figure 5. Cyclic voltammograms of 2.69 X 10 M CoTMPyP under N,
and O, in 0.1 N H,SO, (electrode area 0.144 cm?, scan rate 20 mV/s):
(a) N,-saturated solution; (b) O,-saturated solution.

Figure S12. The cyclic voltammograms used to estimate the TOF of electrochemical O, reduction catalyzed
by Co(TMPyMeP). Figure S12 is reproduced from Figure 5 of ref. 30; copyright 1985 American Chemical

Society.)
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4. The TOF of Co([14]aneNs) was estimated using the rotating disk voltammogram (RDV) presented in
Ref. 29, Figure 3. The i, was estimated to be 475 pA according to the scale bar in Figure S13. The turnover
frequency was therefore calculated to be 2.5 s™! using the equation S2.

Elll V 2
electrode reaction vs. SSCE
[Co([14]aneN,)(OH,)(O,H)]* + "+ H* = 0.2
= [Co([14]aneN,}(OH,), |** + H,0,
A e E———— L ___
w
¥
2 + i ~ 475 pA
« oQuA -
R
= H/ \H |2+
I AN /N
Co
NN
0 | I I JE H\_/H
— 3 } o] -03 -06
=5 E pisk vs SSCE, volt Co([14]aneN,)
o Erme 06V >
vl T RING .
& 50 A
3 ks
S ERring =1.0V
@

Figure 3. Ring-disk current-potential curves for 1.5 mM [Co([14]-
aneN,)(OH,),]*" in 0.5 M HCIO, at a rotation rate of 900 rpm. (Curve
1) Disk current in the absence of dioxygen. (Curve 2) Disk current in
dioxygen-saturated solution. (Curve 3) Ring current vs. disk potential
in dioxygen-saturated solution with ring potential at 0.6 V. (Curve 4)
As in 3 except ring potential is at 1.0 V.,

Figure S13. The RDV used to estimate the TOF of electrochemical O, reduction catalyzed by
Co([14]aneNs). Figure S13 is reproduced from Figure 3 in ref. 29; copyright 1981 American Chemical
Society.)
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IX. Effective overpotentials of previous O: reduction studies

A. Estimation of effective overpotentials for chemical O; reduction
For the O reduction conducted in organic solutions, the thermodynamic reduction potentials of O./H,O»

were initially estimated via the OCP measurements of Eut/m, (Sections I-11). The background concentration
of H,0; is assumed to be at standard state condition (i.e., 1 M) for each reaction due to the lack of adding
known amount of H>O, for the previous O, reduction studies This assumption is necessary to estimate the
effective overpotential and provide the basis to construct the liner free energy relationship between the
log(TOF) and the 7. (cf. Figure 6 in the main manuscript).

Table S9. A summary of effective overpotentials for previous chemical O, reduction studies

Co Ei2(Co"),  E(O2/H202),  7r(O2/H205), Reference
mVa mVa mV/2b
2
Co(TPP) 430 990 560 (Table I in ref. 2)
3,4
Co(OEP) 390 970 580 (Fig. 4 in ref. 3)
580 e " Iy
Co(PhsPc) (Scheme 3 in ref. 19)
5,6
Co(Chy) 560 990 430 (Fig. 4 in ref. 6)
Co(Ch) 530 990 460 (Fig. 4 i6n ref. 6)
Co(Ch) 480 990 510 0

(Fig. 4 in ref. 6)

“All half-wave potentials of Co catalysts (E12(Co'"!)) and reduction potentials of O»/H20: (E(O2/H202)) are relative
to Fc*™. ?All thermodynamic reduction potentials of O2/H202 vs. Fe**0 were estimated via the OCP measurements.
The background concentration of H>O» was assumed at standard-state conditions of 1 M for all studies to estimate
nett. “Estimation of Eoyn,0, from OCP measurement of Eu+n, was not possible because the reaction was conducted
under non-buffered conditions.!

B. Estimation of effective overpotentials for electrochemical O reduction

For the O, reduction conducted in aqueous solutions, the thermodynamic reduction potentials of O2/H>0»
were calculated using the Nernst equation (cf. eq S3). The background concentration of H»O; is assumed
to be at standard state condition (1 M) for each reaction due to the lack of adding known amount of H,O»
for the previous O» reduction studies. This assumption is necessary to estimate the effective overpotential
and provide the basis to construct the liner free energy relationship between the log(TOF) and the 7. (cf.
Figure 5 in the main manuscript).

E0,105q) VS- NHE = 0.68 V - 0.059 V x pH (eq S3)
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Table S10. A summary of effective overpotentials for previous electrochemical O, reduction studies
E1z,  E(O2/H207), 7er(O2/H202),

Co pH value mya mya my/ab Reference
Co([14]aneN,) 03 400 660 260 (Fig. 1 2 26)
Co(TMPyMeP) 1.2 4209 610 190 (Figs. 1, g?n ref. 30)

Co(hmc) 2.9 3607 510 150 (Fig. 7 %1ref. 31)
Co(BrsTMPyMeP) 1.2 -56° 610 666 (Figs. 2, gzin ref. 32)
Co(BrsTMPyMeP) 7.0 -66° 267 333 (Figs. 2, gzin ref. 32)

Co(BrsTPPS) 89  -390° 155 545 (Figs. 2, S et 33)
Co(TMPyP) 1.0 3507 620 270 34

(Figs. 2c, 5 in ref. 34)

“All half-wave potentials of Co catalysts (£12) and reduction potentials of O2/H202 (E(O2/H202)) are relative to NHE.
b All thermodynamic reduction potentials of O2/H2Oz vs. NHE were estimated via the Nernst equation: £(O2/H20z) =
0.68 V —0.059 V x pH. The background concentration of H>O> was assumed at standard-state conditions of 1 M for
all studies to estimate 7.t “Half-wave potentials of the Co"/Co" redox couple. ‘Half-wave potentials of the Co"/Co'
redox couple.
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X. Relationship between log(TOF) and E12(Co)

Relationship between the logarithm of turnover frequency, log(TOF), and the half-wave potential of cobalt
complexes, £12(Co) is presented in Figure S12. The log(TOF) and Ei12(Co) values were taken from the

Sections VIII and IX, respectively.

4.2
3 {CO(TPP)
30 I Co(Ch,.,)
I Co(OEP) + +
i Co(BryTMPyMeP)
18 | H=1.2 Co(TMPyMeP
i =7 @ P =12 ( ¢ )
;w‘ | #Co(Br,TPPS)
L|O: 0.6 *
S ® Co[14]aneN,
9
_06 L Ar'
L Ar' R.=N___N=R
A o007
18 : —.— éfo(porOMe) o~ Co(N,05)
L Rate = k[Co(por)I[H*][0,]
Rate = k[Co(N,0,)][H*]
B0 L o
-600 -340 -80 180 440 700

E,;,Co, mV vs. Fc**/0
Figure S14. Dependence of log(TOF) versus Ej»(Co) for 2¢7/2H" reduction of O> to H>O,. The Co(por)
data (black trace) is from this study, and the Co(N>O:) data (red trace) was taken from Figure 5 in ref. 17
The error bar for log(TOF) is estimated to be about £ 5%.
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