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Abstract

M-N-C catalysts, incorporating non-precious metal ions (e.g., M = Fe or Co) within a nitrogen-
doped carbon support, are the focus of broad interest for electrochemical O, reduction and aerobic
oxidation reactions. The present study explores the mechanistic relationship between the O,
reduction mechanism under electrochemical and chemical conditions. Chemical O, reduction is
investigated via aerobic oxidation of a hydroquinone, in which the O-H bonds supply the protons
and electrons needed for O, reduction to water. Mechanistic studies have been conducted to
elucidate whether the M-N-C catalyst couples two independent half-reactions (IHR), similar to
electrode-mediated processes, or mediates a direct inner-sphere reaction (ISR) between O, and
the organic molecule. Kinetic data support the latter ISR pathway. This conclusion is reinforced
by rate/potential correlations that reveal significantly different Tafel slopes, implicating different
mechanisms for chemical and electrochemical O, reduction.
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INTRODUCTION

Heterogeneous catalysts play a crucial role in reactions with molecular oxygen, ranging
from the oxygen reduction reaction (ORR) in fuel cells1—3 to the selective oxidation

of organic molecules*—8 and direct synthesis of hydrogen peroxide.®0 In fuel cells,
electrocatalytic O, reduction and H, oxidation take place at separate electrodes, with
electrons and protons transferred through an electrical circuit and ion-exchange membrane,
respectively (Figure 1a-i). Thermochemical reactions between H, or an organic molecule
(SubH,) and O, are distinct from their electrochemical counterparts because the substrates
are colocalized and react at the same catalyst (Figure 1la—ii). These physical differences,
however, conceal the prospect for mechanistic similarities between electrochemical and
thermochemical reactions with O,.11-16 For example, recent studies by Surendranath!® and
Flaherty and Rodriguez-L6pez16 have investigated mechanisms of reactions of O, with
formic acid and ethanol!® and with H,16 using noble metal catalysts. The data indicate

that the catalysts mediate independent ORR and substrate oxidation redox half-reactions,
formally reflecting a “short-circuited” electrochemical cell (Figure 1b—i).17 Here, we report
a mechanistic study of aerobic oxidation of a hydroquinone (HQ118) using non-precious
metal “M-N-C” catalysts (eq 1). These materials feature Fe, Co, or other first-row transition-
metal ions integrated within a nitrogen-doped graphitic carbon support, and they have
emerged as compelling alternatives to noble metal catalysts for electrochemical ORR.19-22
The data presented below provide evidence for direct inner-sphere reaction (ISR) between
0, and the organic molecule (Figure 1bii), 2324 contrasting the independent half-reaction
(IHR) mechanism observed with noble-metal catalysts.
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Mediated ORR systems represent an intersection between electrochemical and
thermochemical reactions. 2> HQ1 was recently paired with a heterogeneous Co-Phen-C
26 aerobic oxidation catalyst to achieve mediated electrochemical ORR (Figure 1c), and

it supported current densities much higher than previous mediated ORR systems.2728 The
present study of M-N-C-catalyzed O, reduction by HQ1 provides unique insights into the
relationship between mediated and direct electrocatalytic ORR.

RESULTS AND DISCUSSION

Kinetic studies of HQ1 oxidation to Q1 were initiated under the condition of eq 1, with
kinetically limited initial rates quantified under differential conversion regimes in well-
mixed batch reactors (conversion < 20%, rates normalized per gram of catalyst; see Section
4.2 of the Supporting Information for details, including evidence that rates are not limited
by mass transport). Co-Phen-C was selected for this kinetic study based on its prior success
in our HQ1-mediated ORR system.2” M-N-C catalysts made with 1,10-phenanthroline are
reported to generate atomically dispersed MNy moieties, often in combination with metal
nanoparticles. 22-31 The single-atom MNj sites have been implicated as the active sites for
both electrocatalytic ORR1%-22 and thermal aerobic oxidations.3%32 Qur own observations
are consistent with this conclusion. For example, several Co-Phen-C catalyst samples were
prepared that contain different total cobalt loading (1.4-3.0 wt% Co), and powder X-ray
diffraction data reveal the presence of Co nanoparticles (see section 3 of the Supporting
Information). Acid washing (H,SO,4), which selectively removes nanoparticles,3° lowers
the total Co loading; however, the untreated and acid-washed catalyst exhibit very similar
rates per gram of catalyst in the oxidation of HQ1. These control experiments, elaborated
in section 4.3.2 of the Supporting Information, support catalysis by CoN, moieties rather
than by nanoparticles. We note that the kinetic data and mechanistic conclusions presented
herein do not rely on a particular active-site identity, but these considerations account for our
schematic representation of active sites as atomically dispersed MNy sites.

The partial pressure of O, and concentrations of HQ1, H*, and Q1 were varied relative to a
set of reference conditions (1.1 bar Oy, 0.5 M H,SO4, 50 MM HQ1, 1 mM Q1) to determine
the kinetic reaction orders (Figure 2). The rate of HQ1 oxidation is first-order in O, but
zero-order in [HQ1] (Figure 2a and 2b), reflecting the simplified rate expression in eq 2,
where [O,] is the concentration of O, in solution (M), and 4 is the apparent

Fox = ki [02] (2

first-order rate constant in O, (mol (M O,)~1 g1 s71). Values of k; are zero-order in H*
concentration between 0.05-0.5 M. The rates are slower when the reaction is conducted in
D50, but they remain independent of the D* concentration (Figure 2c, for consideration of
05, solubility effects, see Figure S13 in the Supporting Information). The difference between
the rates in H,O and D,0 corresponds to a primary H/D kinetic isotope effect (KIE) of 2.4
+ 0.4 (Figure 2¢). Finally, product inhibition is evident from measuring the rate at different
[Q1)/[HQ1] ratios (Figure 2d), with slower rates becoming apparent at [Q1]/[HQ1] > 1.
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These kinetic data offer insights into the turnover-limiting step and catalyst resting state and
provide preliminary support for inner-sphere reactivity over independent half-reactions (ISR
and IHR in Figure 1b), according to the following analysis. The first-order O, dependence
(Figure 2a) supports a turnover-limiting reaction with O, and indicates that O, is not
chemisorbed at MNy sites in the resting state. Both IHR and ISR pathways could be
consistent with these features; however, the O, dependence requires IHR pathways with
turnover-limiting ORR steps and quasi-equilibrated HQ1/Q1 redox steps. The H/D KIE
value of 2.4 is similar to a KIE value that has been measured for ORR with M-N-C
electrocatalysts33 and, thus, is consistent with an IHR model where ORR is rate-controlling.
The lack of [H*] dependence could be consistent with the IHR model, but only for a narrow
set of kinetic criteria for ORR and HQL/Q1 redox steps (see eq S46 and the rate law
derivation in Section 8.2 of the Supporting Information). The zero-order [HQ1] dependence
and onset of product inhibition at high [Q1] is inconsistent with the IHR mechanism, as
IHRs should exhibit a linear log-log dependence on [Q1]/[HQ1] (see Section 8.2 and Figure
S29 in the Supporting Information).

The ISR mechanism does not face similar complications. The kinetic dependence on [O;]
and [H*] and the H/D KIE in this mechanism is rationalized by endergonic pre-equilibrium
chemisorption of Oy, followed by turnover-limiting hydrogen-atom transfer (HAT) from

a physisorbed HQ1 to the bound O species. The product inhibition evident in Figure

2d is readily rationalized by a competition between Q1 and HQ1 for site occupancy

on the M-N-C surface. Incorporation of these steps into a catalytic cycle for the ISR
mechanism (Scheme 1) provides the basis for derivation of catalytic rate expressions, eq 3
(low [Q1]), and eq 4 (competitive HQL/Q1 binding), where K and K are the adsorption
equilibrium constants for HQ1 and Q1, respectively, on the Co-Phen-C surface (see Section
8, Supporting Information for full rate law derivations).

_ kikg[HQO1][O]

"o = T+ KyHOT] ¥

_ k1[Os]
" 1+ KoKy [o1][HO1]™!

o

Q]

HQ?1 adsorption on Co-Phen-C is quantified in two ways: by fitting the kinetic data at low
[Q1] and independent measurement of HQ1 adsorption isotherms in the absence of O,.
The Ky values determined from these methods, 4900 + 1900 M~ and 3400 + 960 M1,
respectively are within experimental error of each other (Figure 3; see Section 6 of the
Supporting Information for details). The inhibition by Q1 is reasonably described by eq 4,
and fitting of the data in Figure 2d results in a KQKH‘J value of 0.16, indicating that Q1 and
HQ?1 adsorb with similar strength. This conclusion is validated by independent adsorption
isotherm measurement (Ko = 11,000 + 1700 M1, Section 6, Supporting Information).
Collectively, the kinetic and adsorption data are well aligned with the ISR mechanism and
suggest that Co-N-C surfaces are saturated with HQL1 at early stages of the reaction, and
with mixed HQ1/Q1 binding as Q1 accumulates.
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According to ISR mechanisms, O, and the organic molecules co-adsorb on the Co-N-

C catalyst surface.34 The aromatic HQ1 structure should enable physisorption without
blocking CoNy O5 binding sites, and the favorable HQ1 binding will ensure that HQ1 will
be available to participate directly in O, reduction (Scheme 2a). The kinetic data presented
above are consistent with a mechanism that closely resembles hydroquinone-mediated O,
reduction with a molecular Co-salophen complex (Scheme 2b).23:35 Similar HAT-mediated
O, reduction mechanisms have been observed with other molecular catalysts (Fe-porphyrins
with pendant quinol groups 36 and a Mn-salophen complex with co-catalytic hydroguinone
37, in addition to enzymatic reactions with 0,.38

Gas uptake data reveal an HQ1:0, stoichiometry of 2:1, consistent with four-electron
reduction of O, to H,O without accumulations of H,O,. H,O, may form as an intermediate
from the two-electron oxidation of HQ1. Control experiments suggest that either Co-Phen-
C-catalyzed disproportionation of H,O, or oxidation of HQ1 with H,0O, as the oxidant
could account for the net 2:1 HQ1:0, stoichiometry of the reaction (see Section 7 of the
Supporting Information for full data and discussion), but neither influences the overall ORR
Kinetics.

Despite good kinetic evidence favoring the ISR over the IHR pathway, we sought further
data to distinguish between the two mechanisms. If aerobic oxidation of HQ1 followed

the “electrochemical” IHR pathway, turnover-limiting ORR steps should exhibit Tafel
behavior equivalent to electrocatalytic ORR, with catalyst potential set by the hydroquinone
mediator (see Section 8.2, Supporting Information). To test this possibility, the nominal
turnover frequency3%-41 (TOF, per total metal) of hydroguinone oxidation by O (i.e.,
ORR) was quantified for three representative Fe- and Co-N-C catalysts using a suite of
hydroquinones with redox potentials from 0.518-0.744 V (HQ1-HQ®6, Figure 4b, full

rate data in Section 4.4, Supporting Information). A complementary set of kinetic data
were obtained by measuring ORR rates as a function of electrode potential via rotating-
disk voltammetry (Figure 4a). We note that while nominal TOF values (i.e., rates per

total metal) are sensitive to the fraction of MNy sites in a given M-N-C catalyst, the
resulting Tafel-like slopes are not sensitive to the presence of inactive nanoparticle phases
(see Figure S7, Supporting Information). The electrocatalytic ORR rates exhibit Tafel
slopes of ~80 mV dec™1, consistent with values reported for M-N-C catalysts in the

ORR literature*? (light gray dashed lines, Figure 4b; alternative axes for Tafel analysis

are found in Figure S21—the axes of Tafel plots are inverted relative to those of LFER
plots used to analyze thermochemical kinetics). The TOF values measured for reduction

of O, with hydroquinones depend exponentially on the HQ redox potentials and exhibit a
linear free energy relationship (LFER) with Tafel-like slopes of 200-240 mV dec™1 for the
three different M-N-C catalysts (solid black lines, Figure 4b). These observations provide
additional evidence against the participation of an IHR mechanism in the aerobic oxidation
of HQ species with M-N-C catalysts. First, the kinetic data predict that the reduction of O,
by HQ species should depend on the HQ redox potential, with a Tafel slope identical to that
of electrocatalytic ORR (full derivation in Section 8.2, Supporting Information). In addition,
qualitative differences are evident in relative catalyst performance for the two different
ORR approaches: the Fe-N-C catalyst is most effective for electrocatalytic ORR, while the
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Co-N-C catalysts show higher rates than Fe in the aerobic oxidation reaction. This difference
merits further investigation, but it may be rationalized by different kinetically relevant steps
and resting states of electrocatalytic and H,Q-mediated ORR, as manifested in their different
LFER/Tafel slopes.

For an ISR mechanism (Figure 1b—ii), the TOF/HQ redox potential LFER in Figure 4b
may be interpreted according to the Bell-Evans—Polanyi (BEP) principle, 43 44 whereby
the transition-state free energies for hydroquinone O—H bond cleavage correlate with the
thermodynamic HQ/Q redox potentials. The similar slopes observed for M-N-C catalysts
derived from different metals (Co, Fe) and nitrogen precursors (polyaniline, Phen) suggest
that these catalysts operate by similar mechanisms. On the other hand, rate/redox potential
scaling relationships for the electrocatalytic and thermocatalytic ORR processes have very
different slopes (Figure 4a). This feature has important implications for mediated ORR
because the sensitivity of the ISR mechanism to hydroquinone redox potential is much less
than the sensitivity of electrocatalytic ORR to the electrode potential. This outcome implies
that stable, high-potential mediators could provide a means to support ORR rates exceeding
that of conventional electrocatalytic ORR at low overpotential. The pursuit of mediators
capable of achieving this goal merits significant attention.

CONCLUSIONS

In summary, this work shows that hydroquinone-mediated O, reduction on M-N-C catalysts
occurs by a mechanism that involves direct inner-sphere reaction between adsorbed
hydroquinone and O, molecules. This ISR mechanism is distinct from the coupling

of independent half-reactions that has been demonstrated recently for aerobic oxidation

of various substrates on noble metal catalysts. Unique rate/redox potential correlations
associated with hydroquinone-mediated O, reduction introduce a mechanistic strategy

to circumvent constraints imposed by Tafel relationships for direct electrocatalysis. The
atomistic insights gained from this study also contribute to complementary efforts to develop
improved non-precious metal catalysts for selective aerobic oxidation of organic molecules.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

ACKNOWLEDGMENTS

The authors thank Will Howland, Yogesh Surendranath, Jason Adams, David Flaherty, and James Gerken for
valuable technical discussions related to this work, and Spring Knapp for a careful reading of this manuscript.

We appreciate experimental assistance from Fei Wang and Luning Wang (hydroquinone syntheses), Qiang Gao
(electrochemical measurements), Spencer Runde (catalyst synthesis), and Chase Salazar (construction of the

gas uptake apparatus). This research was supported by the Center for Molecular Electrocatalysis, an Energy
Frontier Research Center, funded by the U.S. Department of Energy, Office of Science, Office of Basic Energy
Sciences, and by a Ruth L. Kirschstein NRSA fellowship from the NIH (F32GM137472, to J.S.B.). Spectroscopic
instrumentation was partially supported by the NIH (1510 OD020022-1) and the NSF (CHE-1048642).

REFERENCES

(1). Gasteiger HA; Kocha SS; Sompalli B; Wagner FT Activity Benchmarks and Requirements for Pt,
Pt-Alloy, and Non-Pt Oxygen Reduction Catalysts for PEMFCs. Appl. Catal., B 2005, 56, 9-35.

JAm Chem Soc. Author manuscript; available in PMC 2023 January 19.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Bates et al.

Page 7

(2). Shao M; Chang Q; Dodelet J-P; Chenitz R Recent Advances in Electrocatalysts for Oxygen
Reduction Reaction. Chem. Rev 2016, 116, 3594-3657. [PubMed: 26886420]

(3). Ramaswamy N; Mukerjee S Alkaline Anion-Exchange Membrane Fuel Cells: Challenges in
Electrocatalysis and Interfacial Charge Transfer. Chem. Rev 2019, 119, 11945-11979. [PubMed:
31702901]

(4). Mallat T; Baiker A Oxidation of Alcohols with Molecular Oxygen on Solid Catalysts. Chem. Rev
2004, 104, 3037-3058. [PubMed: 15186187]

(5). Liu X; Madix RJ; Friend CM Unraveling Molecular Transformations on Surfaces: A Critical
Comparison of Oxidation Reactions on Coinage Metals. Chem. Soc. Rev 2008, 37, 2243-2261.
[PubMed: 18818826]

(6). Matsumoto T; Ueno M; Wang N; Kobayashi S Recent Advances in Immobilized Metal Catalysts
for Environmentally Benign Oxidation of Alcohols. Chem. - Asian J 2008, 3, 196-214.
[PubMed: 18232022]

(7). Davis SE; Ide MS; Davis RJ Selective Oxidation of Alcohols and Aldehydes over Supported Metal
Nanoparticles. Green Chem. 2012, 15, 17-45.

(8). He L; Weniger F; Neumann H; Beller M Synthesis, Characterization, and Application of Metal
Nanoparticles Supported on Nitrogen-Doped Carbon: Catalysis beyond Electrochemistry. Angew.
Chem., Int. Ed 2016, 55, 12582-12594.

(9). Flaherty DW Direct Synthesis of HoO, from Hy and O, on Pd Catalysts: Current Understanding,
Outstanding Questions, and Research Needs. ACS Catal. 2018, 8, 1520-1527.

(10). Lewis RJ; Hutchings GJ Recent Advances in the Direct Synthesis of HoOo. Chem Cat Chem
2019, 11, 298-308.

(11). Wieckowski A; Neurock M Contrast and Synergy between Electrocatalysis and Heterogeneous
Catalysis. Adv. Phys. Chem 2011, 2011, 1-18.

(12). Zope BN; Hibbitts DD; Neurock M; Davis RJ Reactivity of the Gold/Water Interface During
Selective Oxidation Catalysis. Science 2010, 330, 74-78. [PubMed: 20929807]

(13). Ide MS; Davis RJ The Important Role of Hydroxyl on Oxidation Catalysis by Gold
Nanoparticles. Acc. Chem. Res 2014, 47, 825-833. [PubMed: 24261465]

(14). Wilson NM; Flaherty DW Mechanism for the Direct Synthesis of HoO2 on Pd Clusters:
Heterolytic Reaction Pathways at the Liquid-Solid Interface. J. Am. Chem. Soc 2016, 138,
574-586. [PubMed: 26597848]

(15). Ryu J; Bregante DT; Howland WC; Bisbey RP; Kaminsky CJ; Surendranath Y Thermochemical
Aerobic Oxidation Catalysis in Water Can Be Analysed as Two Coupled Electrochemical Half-
Reactions. Nat. Catal 2021, 4, 742-752.

(16). Adams JS; Kromer ML; Rodriguez-L6pez J; Flaherty DW Unifying Concepts in Electro- and
Thermocatalysis toward Hydrogen Peroxide Production. J. Am. Chem. Soc 2021, 143, 7940-
7957. [PubMed: 34019397]

(17). The surface mediated coupling of independent redox half-reactions has parallels in corrosion
chemistry and potentiometric sensing. See the following for further context:(a)Wagner C; Traud
W Uer Die Deutung von Korrosionsvorgangen Durch Uberlagerung von Elektrochemischen
Teilvorgingen Und Uber Die Potentialbildung an Mischelektroden. Z. Elektrochem. Angew.
Phys. Chem 1938, 44, 391-402.(b)Wagner C; Traud W “On the Interpretation of Corrosion
Processes through the Superposition of Electrochemical Partial Processes and on the Potential of
Mixed Electrodes,” with a Perspective by Mansfeld F. Corrosion 2006, 62, 843-855.(c)Percival
SJ; Bard AJ Ultra-Sensitive Potentiometric Measurements of Dilute Redox Molecule Solutions
and Determination of Sensitivity Factors at Platinum Ultramicroelectrodes. Anal. Chem 2017, 89,
9843-9849. [PubMed: 28825303]

(18). Gerken JB; Stamoulis AG; Suh S-E; Fischer ND; Kim Y-J; Guzei IA; Stahl SS Efficient
Electrochemical Synthesis of Robust, Densely Functionalized Water Soluble Quinones. Chem.
Commun 2020, 56, 1199-1202.

(19). Gewirth AA; Varnell JA; DiAscro AM Nonprecious Metal Catalysts for Oxygen Reduction in
Heterogeneous Aqueous Systems. Chem. Rev 2018, 118, 2313-2339. [PubMed: 29384375]

JAm Chem Soc. Author manuscript; available in PMC 2023 January 19.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Bates et al.

Page 8

(20). Martinez U; Komini Babu S; Holby EF; Chung HT; Yin X; Zelenay P Progress in the
Development of Fe-Based PGM-Free Electrocatalysts for the Oxygen Reduction Reaction. Adv.
Mater 2019, 31, 1806545.

(21). Asset T; Atanassov P Iron-Nitrogen-Carbon Catalysts for Proton Exchange Membrane Fuel
Cells. Joule 2020, 4, 33-44.

(22). Jiao L; Li J; Richard LL; Sun Q; Stracensky T; Liu E; Sougrati MT; Zhao Z; Yang F; Zhong
S; Xu H; Mukerjee S; Huang Y; Cullen DA; Park JH; Ferrandon M; Myers DJ; Jaouen F; Jia
Q Chemical Vapour Deposition of Fe~N-C Oxygen Reduction Catalysts with Full Utilization of
Dense Fe—Ng4 Sites. Nat. Mater 2021, 20, 1385-1391. [PubMed: 34112977]

(23). Anson CW; Ghosh S; Hammes-Schiffer S; Stahl SS Co(Salophen)-Catalyzed Aerobic Oxidation
of p-Hydroquinone: Mechanism and Implications for Aerobic Oxidation Catalysis. J. Am. Chem.
Soc 2016, 138, 4186-4193. [PubMed: 26924338]

(24). Adams JS; Chemburkar A; Priyadarshini P; Ricciardulli T; Lu Y; Maliekkal V; Sampath A;
Winikoff S; Karim AM; Neurock M; Flaherty DW Solvent Molecules Form Surface Redox
Mediators in Situ and Cocatalyze O, Reduction on Pd. Science 2021, 371, 626-632. [PubMed:
33542136]

(25). Anson CW; Stahl SS Mediated Fuel Cells: Soluble Redox Mediators and Their Applications to
Electrochemical Reduction of Oy and Oxidation of Hy, Alcohols, Biomass, and Complex Fuels.
Chem. Rev 2020, 120, 3749-3786. [PubMed: 32216295]

(26). “Co-Phen-C” denotes the Co(OAC),/1,10-phenanthroline/carbon precursor used to prepare the
catalyst via pyrolysis at 800 °C, as originally reported in:Jagadeesh RV.;Junge H; Pohl M-M;
Radnik J; Briickner A; Beller M Selective Oxidation of Alcohols to Esters Using Heterogeneous
Co304-N@C Catalysts under Mild Conditions. J. Am. Chem. Soc 2013, 135, 10776-10782.
[PubMed: 23668302]

(27). Preger Y; Gerken JB; Biswas S; Anson CW; Johnson MR; Root TW; Stahl SS Quinone-Mediated
Electrochemical O, Reduction Accessing High Power Density with an Off-Electrode Co-N/C
Catalyst. Joule 2018, 2, 2722-2731.

(28). For other uses of HQ1 as an electrochemical mediator, see:(a)Gerken JB; Anson CW,; Preger
Y; Symons PG; Genders JD; Qiu Y; Li W; Root TW; Stahl SS Comparison of Quinone-Based
Catholytes for Aqueous Redox Flow Batteries and Demonstration of Long-Term Stability with
Tetrasubstituted Quinones. Adv. Energy Mater 2020, 2000340.(b)Wang F; Sheng H; Gerken
JB; Jin S; Stahl SS Stable Tetrasubstituted Quinone Redox Reservoir for Enhancing Decoupled
Hydrogen and Oxygen Evolution. ACS Energy Lett 2021, 6, 1533-1539. [PubMed: 34017916]

(29). Lefévre M; Proietti E; Jaouen F; Dodelet J-P Iron-Based Catalysts with Improved Oxygen
Reduction Activity in Polymer Electrolyte Fuel Cells. Science 2009, 324, 71-74. [PubMed:
19342583]

(30). Zhang L; Wang A; Wang W; Huang Y; Liu X; Miao S; Liu J; Zhang T Co-N-C Catalyst for
C-C Coupling Reactions: On the Catalytic Performance and Active Sites. ACS Catal. 2015, 5,
6563-6572.

(31). Yang H; Shang L; Zhang Q; Shi R; Waterhouse GIN; Gu L; Zhang T A Universal Ligand
Mediated Method for Large Scale Synthesis of Transition Metal Single Atom Catalysts. Nat.
Commun 2019, 10, 1-9. [PubMed: 30602773]

(32). Xie J; Kammert JD; Kaylor N; Zheng JW; Choi E; Pham HN; Sang X; Stavitski E; Attenkofer
K; Unocic RR; Datye AK; Davis RJ Atomically Dispersed Co and Cu on N-Doped Carbon for
Reactions Involving C-H Activation. ACS Catal. 2018, 8, 3875-3884.

(33). Tse ECM; Varnell JA; Hoang TTH; Gewirth AA Elucidating Proton Involvement in the
Rate-Determining Step for Pt/Pd-Based and Non-Precious-Metal Oxygen Reduction Reaction
Catalysts Using the Kinetic Isotope Effect. J. Phys. Chem. Lett 2016, 7, 3542-3547. [PubMed:
27550191]

(34). Huang K; Fu H; Shi W; Wang H; Cao Y; Yang G; Peng F; Wang Q; Liu Z; Zhang B; Yu
H Competitive Adsorption on Single-Atom Catalysts: Mechanistic Insights into the Aerobic
Oxidation of Alcohols over Co-N-C. J. Catal 2019, 377, 283-292.

(35). Anson CW; Stahl SS Cooperative Electrocatalytic Op Reduction Involving Co(Salophen) with
p-Hydroquinone as an Electron-Proton Transfer Mediator. J. Am. Chem. Soc 2017, 139, 18472-
18475. [PubMed: 29198114]

JAm Chem Soc. Author manuscript; available in PMC 2023 January 19.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Bates et al.

Page 9

(36). Singha A; Mondal A; Nayek A; Dey SG; Dey A Oxygen Reduction by Iron Porphyrins with

Covalently Attached Pendent Phenol and Quinol. J. Am. Chem. Soc 2020, 142, 21810-21828.
[PubMed: 33320658]

(37). Hooe SL; Cook EN; Reid AG; Machan CW Non-Covalent Assembly of Proton Donors and

p-Benzoquinone Anions for Co-Electrocatalytic Reduction of Dioxygen. Chem. Sci 2021, 12,
9733-9741. [PubMed: 34349945]

(38). Peng W; Qu X; Shaik S; Wang B Deciphering the Oxygen Activation Mechanism at the CuC Site

of Particulate Methane Monooxygenase. Nat. Catal 2021, 4, 266-273.

(39). Boudart M Turnover Rates in Heterogeneous Catalysis. Chem. Rev 1995, 95, 661-666.
(40). Ribeiro FH; Wittenau AESV; Bartholomew CH; Somorjai GA Reproducibility of Turnover Rates

in Heterogeneous Metal Catalysis: Compilation of Data and Guidelines for Data Analysis. Catal.
Rev 1997, 39, 49-76.

(41). Davis R Turnover Rates on Complex Heterogeneous Catalysts. AIChE J. 2018, 64, 3778-3785.
(42). Jaouen F; Proietti E; Lefevre M; Chenitz R; Dodelet J-P; Wu G; Taek Chung H; Marie Johnston

C; Zelenay P Recent Advances in Non-Precious Metal Catalysis for Oxygen - Reduction
Reaction in Polymer Electrolyte Fuel Cells. Energy Environ. Sci 2011, 4, 114-130.

(43). Bell RP; Hinshelwood CN The Theory of Reactions Involving Proton Transfers. Proc. R. Soc.

London, Ser. A 1936, 154, 414-429.

(44). Evans MG; Polanyi M Inertia and Driving Force of Chemical Reactions. Trans. Faraday Soc

1938, 34, 11-24.

JAm Chem Soc. Author manuscript; available in PMC 2023 January 19.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Bates et al. Page 10

(a) Catalytic reactions with O,

i. Electrochemical ii. Thermochemical
oxygen reduction reaction (ORR) aerobic oxidation reactions
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Figure 1.
Relationship between electrochemical and thermochemical reactions with O,. (a) Relevance

of O, reactivity to fuel cells and aerobic oxidation, (b) two potential reaction pathways
for thermochemical reactivity of O, in aerobic oxidations, and (c) the intersection of
electrochemical and thermochemical O, reactivity in mediated O, reduction.
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Kinetics of HQ1 oxidation on Co-Phen-C (1.8 wt% Co) at 30 °C. Standard conditions are
1.1 bar Oy, 0.5 M H,SO4, [HQ1]p =50 mM, [Q1]g = 1 mM, except where noted for

each panel as follows. (a) Oxidation rate as a function of O, pressure (0.2-1.1 bar). Solid
line represents the best-fit linear regression to the data, constrained through the origin. (b)
Oxidation rate as a function of HQ1 concentration (1-100 mM; [Q1]¢/[HQ1], < 0.1). Solid
line represents best-fit regression to eq 3. (c) First-order rate constant (given by eq 2) as

a function of [H*] (0.05-0.5 M, filled symbols), or [D*] (0.05-0.5 M, open symbols) in
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solutions prepared using D,0. Solid lines represent the average values of each data set. (d)
Oxidation rate as a function of [Q1]/[HQ1] ratio, where [Q1] is varied from 1-50 mM at
constant [HQ1]p = 50 mM, then [HQ1]g is varied from 10-40 mM at constant [Q1]g = 50
mM. Solid line represents best-fit regression to eq 4.

JAm Chem Soc. Author manuscript; available in PMC 2023 January 19.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnuely Joyiny

Bates et al.

HQ1 Surface Coverage / mol g

103

10+

10

Page 13

Ky = 3400 £ 960 M (adsorption)

Ky =4900 £ 71900 M7 (Kinelics)

adsorption

L LA A Al | L LA A A A S | L LA ALl ] L LA Al |

10+ 103 102 10! 100
[HQ1] / mol L

Figure 3.
Comparison of the HQ1 adsorption isotherm measured under N, (298 K) on Co-Phen-C (1.8

wt% Co) (black data points) with the kinetics of HQ1 oxidation (gray data points, same data
as Figure 2b). Solid lines reflect fits to the functional forms of eq S12 and eq 3, respectively.
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(a) Hydroquinone-Mediated ORR
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Figure 4.

Rate/potential relationships for HQ-mediated and direct electrocatalytic ORR. (a) Tafel
slopes associated with the two different modes of M-N-C-catalyzed O,-reduction. (b) Half-
wave redox potentials of the different hydroquinones and plot of turnover frequencies (per
total M) as a function of HQ redox potential (solid black line) and applied potential (dashed
gray line) for Fe-PANI-C (O), Co-PANI-C (@) and Co-Phen-C (=) catalysts. Conditions: 1
mL of 0.05 M hydroquinone derivatives in 0.64 M H,SQy, catalyst (2.0 mol % Fe-PANI-C,
1.0 mol% Co-PANI-C and 0.1 mol% Co-Phen-C), 30 °C, 1.2 bar O,. Kinetically limited
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steady-state electrocatalytic ORR TOF values measured by RDE (ambient T, 1500 rpm,
0,-saturated 0.5 M H,S04, 0.6 mg cm™2, 7, quantified by Koutecky—Levich analysis).
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Scheme 1.
Proposed mechanism of inner-sphere O, reduction by HQ1.
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Scheme 2.
Proposed HAT transition state for HQ1 oxidation on Co-Phen-C (a) and similar transition

state proposed for hydroquinone oxidation by Co(salophen) (b).23
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