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ABSTRACT

The integration of heterogeneous electrocatalysis and molecular catalysis is a promising
approach to designing new catalysts for oxygen evolution reaction (OER) and other processes.
We recently showed that the electrostatic potential drop across the double layer contributes to the
driving force for electron transfer between a dissolved reactant and a molecular catalyst
immobilized directly on the electrode surface. Here we report high current densities and low
onset potentials for water oxidation attained using a metal-free voltage-assisted molecular
catalyst (TEMPO). Scanning electrochemical microscopy (SECM) was used to analyze the
products and determine faradaic efficiencies for the generation of H2O; and Oz. The same
catalyst was employed for efficient oxidations of butanol, ethanol, glycerol, and H,O,. DFT
calculations show that the applied voltage alters the electrostatic potential drop between TEMPO
and the reactant as well as chemical bonding between them, thereby increasing the reaction rate.
These results suggest a new route for designing next-generation hybrid

molecular/electrocatalysts for OER and alcohol oxidations.
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INTRODUCTION

The progress in alternative energy and solar fuel technology requires the development of
efficient catalysts for several electrochemical processes, including oxidations of water'? and
alcohols.> The catalysis of multi-electron, multi-proton oxygen evolution reaction (OER) is
especially challenging. A typical molecular catalyst for OER is a reversible redox mediator
whose standard potential is sufficiently positive to oxidize water.*’ Typically based on
transition-metal complexes, such catalysts are either homogeneous (i.e., dispersed in electrolyte
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solution)®2° or heterogeneous (i.e., immobilized on the electrode surface).?!** In addition to a

very low load and ease of recycling, surface attachment of some molecular catalysts has

improved their activities.?!”?

Despite potential advantages of metal-free, fully organic OER
catalysts, only a few of them have been reported to date.’!* A high standard potential required
for water oxidation limits the choice of suitable organic molecular catalysts. Another problem is
the decomposition of organic and organometallic water-oxidation catalysts at high anodic
potentials.?®

Unlike molecular catalysis of water oxidation, electrocatalytic OER occurs on active
surface sites and is driven by the applied electrode potential.”*® Despite extensive research,
various issues, including high cost, surface passivation, high overpotentials, and complex
engineering and characterization of active sites, hinder commercial applications of OER
electrocatalysts. Recent studies focused on the advantages of combining molecular catalysts and
electrocatalysts into hybrid systems for OER”*"% and other processes. Direct coupling of
catalysts to carbon electrodes reported by the Surendranath group produced tunable
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heterogeneous catalysts with molecularly well-defined active sites. The molecules

conjugated to carbon became part of the electrode, so that no electron transfer (ET) occurred



between the electrode and a catalytic moiety whose oxidation state remained unchanged.** The
same group reported solvent-dependent ET behavior, where major changes to electrostatic
coupling between the molecule and the surface were induced by the change of the solvent.**
Thus, cobalt tetraphenylporphyrin attached to a carbon electrode by an aliphatic linkage operated
as a regular redox mediator in acetonitrile and as a part of the electrode in aqueous media.

We showed recently that the potential drop across the electrical double layer (EDL) can
contribute to the driving force for ET between a molecular catalyst immobilized directly on the
electrode surface and a dissolved reactant.*> Specifically, a fraction of the applied potential
dropping between the electrode and the attached molecular catalyst causes its
oxidation/reduction, while the other fraction of the applied potential dropping between the
attached molecular catalyst and the dissolved reactant drives the electrocatalytic process (Fig.
1A). Distinct from conventional molecular catalysis or electrocatalysis, here the electrostatic
potential drop across the EDL is distributed on both sides of the attached molecular catalyst. An
important corollary for OER is that the additional driving force derived from the applied
electrode potential can enable the use of a molecular catalyst with a standard potential lower than
that normally required for water oxidation. Here, we report voltage-driven molecular catalysis of
water oxidation by TEMPO (2,2,6,6-tetramethyl-1-piperidine N-oxyl; a fully organic molecular
catalyst extensively employed for electrosynthesis*®**’) immobilized either on a carbon
nanoelectrode (CNE; see Experimental Section) or a macroscopic glassy carbon disk electrode
(GCE; Fig. S1) surface. By contrast, homogeneous catalysis of water oxidation by TEMPO does
not occur. Pulse radiolysis and spectroelectrochemical studies identified the formation of
TEMPO-OH (a hydroxide adduct of TEMPOY) at high pH values.*®* Thus, we anticipate that

inner-sphere ET (rather than voltage-assisted outer-sphere ET reported in ref. 45) occurs between



TEMPO" and OH" coincident with the chemical bond formation (Fig. 1B).
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Fig. 1. Voltage-driven catalysis of water oxidation by TEMPO molecules directly attached to the
carbon surface. (A) Scheme of the potential drop (red dotted line) across the carbon
electrode/solution interface. A fraction of the applied potential drops between the surface-

attached TEMPO and dissolved OH". (B) Hypothesized free energy diagram.

Other significant examples of voltage-assisted molecular catalysis by surface-attached
TEMPO are oxidations of primary alcohols (ethanol and n-butanol) and an important biofuel
(glycerol). The mechanism of TEMPO-catalyzed electrooxidation involves the formation of an
adduct between TEMPO™ and alcohol, followed by the rate-determining intramolecular hydrogen
transfer that yields TEMPOH and the organic carbonyl.*’ Our density functional theory (DFT)
calculations suggest that the applied voltage can decrease the reaction free energy for this step,
thereby increasing the reaction rate.

RESULTS & DISCUSSION
Voltage-driven water oxidation catalysis by TEMPO. The direct attachment (i.e.,

without a spacer) of the redox mediator to the electrode surface is required for voltage-driven



molecular catalysis.*> Reagent-free covalent attachment of TEMPO to the carbon surface via
anodic oxidation of 4-NH,-TEMPO in aqueous solution has been reported previously®® (see
Experimental Section). This procedure produces a monolayer/sub-monolayer through the
covalent linkage to the carbon surface rather than multilayers because there are no unsaturated
sites in the TEMPO molecule, and no bond formation/attachment can occur between the surface
bound TEMPO species and a dissolved NH,-TEMPO molecule.’! Cyclic voltammograms (CVs;
Fig. 2A) of TEMPO directly attached to the surface of a 3-mm-diameter GCE in 0.1 M
phosphate buffer saline (PBS) at pH 7 show a pair of anodic/cathodic peaks with the mid-peak
potential, £ = 0.56 V vs Ag/AgCl reference (for immobilized TEMPO this value is essentially
independent of pH>!) and the background-subtracted peak current directly proportional to the
potential sweep rate (the inset in Fig. 2A). The mid-peak potential is ~120 mV more positive
than that measured with TEMPO dissolved in the same electrolyte solution (0.44 V vs. Ag/AgCl;
Fig. S2). The surface coverage value, I'tempo = 13.8 pmol/cm? obtained from CVs by integrating
the area under the oxidation peak after background subtraction. This value corresponds to <10%
of the full monolayer coverage. (The monolayer coverage of TEMPO is ~2 x 1071 mol/cm?.?)

A CV obtained at the TEMPO-modified GCE in 0.1 M KOH (curve 2 in Fig. 2B) shows
the water oxidation current much higher than that measured at the bare GCE (curve 3; the current
at the bare GCE may be due to carbon oxidation or other oxidation processes). The
corresponding Tafel plot obtained from a slow-scan voltammogram (v = 5 mV/s) is shown in
Fig. S3A. The overpotential required to attain for 0.1 mA/cm? current density is about 450 mV
lower at a TEMPO-GCE than at a bare GCE. The water oxidation current is even higher in 0.2
M KOH (curve 1). By contrast, the reported CVs of aqueous solutions containing TEMPO show

no signs of homogeneous water oxidation catalysis at any pH (i.e., 5 <pH < 13 %%).
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Fig. 2. Water oxidation catalysis by TEMPO. (A) CVs of TEMPO-modified GCE at different
potential sweep rates (v) in pH 7 PBS solution. v, mV/s = 10 (black curve), 50 (red), 100 (blue),
150 (brown), and 200 (green). Inset: scan rate dependence of the anodic peak current. (B) Water
oxidation at the TEMPO-modified GCE in 0.2 M KOH (1) and 0.1 M KOH (2). Curve 3 was
obtained at a bare GCE in 0.1 M KOH. v =20 mV/s. (C) Voltammograms of water oxidation at
the TEMPO-modified (1) and bare (2) 50-nm-radius CNE in 0.1 M KOH. v =15 mV/s.

TEMPO attached to the surface of a CNE (TEM image shown in Fig. S4A) exhibits a much
faster apparent rate of catalytic OER with the current density reaching >2 A/cm? (curve 1 in Fig.
2C). These very high apparent current density values are calculated using the geometrical
surface area (na®, where a is the nanodisk radius) rather than the true surface area, which is very
hard to evaluate for a porous nanoelectrode. The true surface area of the porous carbon exposed
to the solution is much larger than the geometrical surface area.*>* The current onset at ~0.4 V

corresponds to the beginning of TEMPO oxidation (E 0,10 = 0.253 V vs. Ag/AgCl at pH13),

which is supposed to be complete at £ = 0.6 — 0.7 V. At more positive CNE potentials, the
current continues to increase over a wide potential range (~700 mV), which cannot be attributed
to direct oxidation of water on the bare CNE surface because the current produced by this
process (curve 2 in Fig. 2C) is orders of magnitude lower than that in curve 1. This behavior

characteristic of voltage-driven molecular catalysis* is radically different from conventional



molecular catalysis in which the anodic current should reach a plateau when the applied potential
becomes sufficiently positive for complete oxidation of surface-bound mediator species.* The
steady-state current at TEMPO-modified CNE (Fig. S4B, curve 1) is ~15 times higher than that
recorded at a similarly sized bare CNE (curve 2), suggesting that TEMPO catalyzed water
oxidation rather than the oxidation of carbon is the main source of currents measured at
nanoelectrodes.

The water oxidation process at TEMPO-modified carbon electrodes is likely going
through the 2e” H>O» formation followed by its oxidation to O, as reported earlier for two other
organic catalysts, N(5)-ethylflavinium ion®' and pyridine-N-oxyl radical.** We used the substrate
generation/tip collection (SG/TC; Fig. 3) mode of scanning electrochemical microscopy (SECM)
to quantify the products and evaluate faradaic efficiency for the processes occurring during the

water oxidation at TEMPO-GCE.
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Fig. 3. Schematic representation of substrate generation/tip collection (SG/TC) SECM
measurements of voltage-driven water oxidation by TEMPO. (A) H>O; produced by water
oxidation at the substrate is oxidized at the tip. (B) H2O> produced by water oxidation at
TEMPO-GCE can either diffuse away from the substrate surface or get further oxidized to
produce O». Both water oxidation products are reduced at the tip. No water oxidation occurs at

the catalytically inert carbon surface.



In two types of SECM experiments (Fig. 3) a TEMPO-modified GCE was used as a
substrate electrode in 0.1 M KOH solution. Two tip current vs. time (it-¢) curves (Fig. 4A) were
obtained at a TEMPO-modified 3.5-um-radius carbon fiber SECM tip positioned 5 um above the
substrate surface and biased at Et = 0.8 V vs. Ag/AgCl to oxidize H,O» and/or water. Curve 1
was recorded with the substrate biased at Es = 0.2 V vs. Ag/AgCl at which no oxidation of water

occurred at TEMPO-GCE, and it = 3.18 nA was only due to water oxidation at the tip.
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Fig. 4. Probing water oxidation at the TEMPO-GCE substrate with SECM. (A) iT-f curves were
obtained with a 3.5-pm-radius TEMPO-modified carbon fiber tip positioned 5 um above the
substrate surface. Es, V vs. Ag/AgCl = 0.2 (1) and 1.2 (2). ET = 0.8 V. (B) Voltammograms
recorded at a 5-pm-radius Pt tip positioned 5 pm above the TEMPO-GCE surface at different
substrate potentials. Es, V=0.2 (1), 0.6 (2), 1.0 (3), and 1.2 (4).

In curve 2 (Fig. 4A), the Es is changed to 1.2 V to oxidize water, and the increased it =
3.41 nA comprises two components, i.e., the water oxidation current (3.18 nA, same as in curve
1) and the current due to the oxidation of H>O, generated at the TEMPO-GCE (0.23 nA).
Because the H>O» oxidation current at the tip is kinetic (rather than diffusion limited), the
response factor is required for the data analysis. The tip response to H>O» was calibrated in 0.1
M KOH solutions containing different peroxide concentrations (Fig. S5). Finite-element
simulations (Supporting Information) were carried out to evaluate the component of the substrate
current associated with the H>O» generation from the measured it. From this value (1.76 pA)

and the total substrate current (32 pA), the faradaic efficiency for the generation of H>O- at the



TEMPO-GCE surface is 5.5%.

Whereas homogeneous catalysis of hydrogen peroxide oxidation by TEMPO is very
slow,” CNE-bound TEMPO exhibits significant activity for voltage-assisted oxidation of H,0»
(Fig. S6). Thus, TEMPO catalyzed water oxidation is expected to produce a significant amount
of Oy in addition to H>O». In the second SECM experiment (Fig. 3B), the tip potential was swept
in the negative direction (from 0 to -0.6 V vs. Ag/AgCl) to reduce both H>O> and O, generated at
the TEMPO-GCE substrate. Curve 1 in Fig. 4B was obtained at Es = 0.2 V vs. Ag/AgCl at
which no oxidation of water occurred at TEMPO-GCE, and it was only due to the reduction of
dissolved oxygen at the Pt tip. The tip current increased with increasing Es (curves 2-4 in Fig.
4B) due to the larger fluxes of HoO» and O» generated at the substrate. At Es = 1.2 V (curve 4),
the component of the substrate current associated with the H>O, generation is the same as in Fig.
4A (1.76 pA), and the tip current at £t = -0.6 V (ir = 19.5 nA) is due to the reduction of both
H>0; and O,. Using this it value, the component of the substrate current associated with the O»
generation was evaluated by COMSOL simulations. From this value (18.9 uA) and the total
substrate current (32 pA), the faradaic efficiency for the generation of O, at the TEMPO-GCE
surface is 54.04%, which is significantly higher than the values reported in refs. 31 and 34 (30%
and 25.8%, respectively) for other organic water oxidation electrocatalysts. The total faradaic
efficiency for water oxidation on TEMPO-GCE at 1.2 V vs Ag/AgCl is 59.5%. The faradaic
efficiency value less than 100% can be attributed to the oxidation of carbon occurring
simultaneously with water oxidation.>!** One should notice that this process does not affect the
tip current because CO: cannot be reduced at a Pt electrode in aqueous media.’® Therefore, the
current measured at the SECM tip at negative potentials (curves 2-4 in Fig. 4B) is due to the

reduction of H>O; and O rather than CO,. Pure negative feedback was observed in a control
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SECM experiment with a bare carbon substrate (data not shown).

Oxidation of primary alcohols and glycerol. TEMPO has been widely used as a
molecular catalyst for alcohol oxidation in alternative energy applications and synthesis.**>"-° It
exhibits modest activity as a homogeneous catalyst for oxidation of n-butanol in a neutral
aqueous solution (Fig. S7A, the inset). A comparative study of n-butanol oxidation with several
nitroxyl derivatives showed that the catalytic activity is largely affected by the driving force, i.e.,
the catalyst standard potential.®® In voltage-driven catalysis with surface-bound TEMPO (Fig.
S7A), the driving force is augmented by the applied anodic bias. Thus, the catalytic current
density is modest at £ = 0.65 V vs Ag/AgCl (at which TEMPO is fully oxidized), but becomes
much higher at £ = 1.2 V. Qualitatively similar voltage-assisted response can be seen at pH 13
but the catalytic activity is much higher (Fig. S7B). Consistent with previous mechanistic
studies, this can be attributed to base-promoted formation of the TEMPO"/alkoxide adduct.*’” A
linear Tafel plot obtained for this process is shown in Fig. S3B (E pcrorrcryon = -0.762 V vs
Ag/AgCl at pH 13 %),

The efficient TEMPO catalysis of ethanol oxidation has only been attained using
Cu(bpy)/TEMPO co-catalyst systems>® and a hybrid catalyst cascade architecture containing an
enzyme.®®*! We have not observed significant ethanol oxidation current either for homogeneous
or voltage-assisted TEMPO catalysis at pH 7. At a higher pH, efficient voltage-assisted catalytic
oxidation of ethanol occurs at the TEMPO-modified GCE (Fig. 5A). Fig. S3C shows the
corresponding Tafel plot (E'cuycnoicnzcmon = -0.767 V vs Ag/AgCl at pH 13 ¢%). Similar to
water oxidation voltammograms (Figs. 2B and 2C), the apparent current density of ethanol
oxidation at a TEMPO-CNE (Fig. 5B) is 2-3 orders of magnitude higher than at a TEMPO-GCE

(Fig. 5A) due to the higher density of TEMPO molecules attached to the porous carbon layer.
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Fig. 5. Ethanol (A,B) and glycerol (C,D) oxidation catalysis by TEMPO. (A,B) Voltammograms
of ethanol oxidation at (A) TEMPO-GCE and (B) TEMPO-CNE. cethanol, mM = 30 (1), 20 (2),
and 10 (3) in 0.1 KOH. Curve 4 is the voltammogram of 20 mM ethanol at the bare GCE (A)
and CNE (B). (C,D) Voltammograms of GOR at TEMPO-modified GCE (C) and CNE (D) in
0.1 M KOH. cglycerol, mM = 10 (1), 5 (2), and 0 (3) in (C), and 20 (1, 4), 10 (2), and 5 (3) in (D).
Curve 4 in (D) was recorded at the bare CNE. v =20 mV/s.

Glycerol is a promising non-toxic, non-volatile, high energy density fuel.®>** The glycerol
electrooxidation reaction (GOR) has typically been carried out using various precious metal
based®®” and non-precious metal®®®® heterogeneous catalysts. Hybrid enzymatic catalytic
systems have been designed for GOR,”%"! however, this process has not yet been carried out with
a single metal-free molecular catalyst. CVs of voltage-driven molecular catalysis of GOR by
surface-bound TEMPO are shown in Fig. 5C. The catalytic current is proportional to glycerol
concentration, and the 11 mA/cm? current density at +1.2 V for Cgiycerol = 10 mM (curve 1) is
about 10 times higher than the value measured for oxidation of 100 mM glycerol using 5 mM

4-amino-TEMPO as a homogeneous catalyst.”®’! Similar to water and alcohol oxidations

discussed above, voltage-driven GOR at a TEMPO-CNE electrode (Fig. 5D) produces much
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larger apparent current densities (per geometrical electrode area) due to the higher density of
TEMPO molecules attached to the porous carbon layer. Importantly, the GOR current measured
at a bare CNE (curve 4 in Fig. 5D) is negligibly low.

Theoretical understanding of voltage-driven molecular catalysis by TEMPO. Recent
DFT calculations revealed that the potential drop between the surface-bound redox species (e.g.,
ferrocene or Ru(bpy); complex) and dissolved reactant molecules can contribute to the driving

45 Unlike the outer-sphere ET processes in ref. 45, where the

force for a catalytic ET reaction.
electrons between the surface-attached redox mediator and the reactant are transferred by
tunneling, the inner-sphere water oxidation catalysis by TEMPO involves chemical bond
formation.*” The driving force for the reaction can be partitioned into the contributions from
electrostatic energy and chemical potential. In addition to changing the electrostatic energy of
electrons or ions, the applied voltage can modify the orbitals engaged in bond formation at the

1.2 We computed the plane-averaged electrostatic

active site and affect the chemical potentia
potentials for TEMPO-GCE at different values of the electrode potential. Because TEMPO
molecules are located within the EDL, the electrostatic potential drops on both sides of the
attached TEMPO (Fig. 6A). This is different from conventional molecular catalysis, where the
applied electrode potential only drops between the electrode and the molecular catalyst. The
potential drop between the attached TEMPO and solution increases with increasing electrode
potential (Fig. 6A), providing a larger electrostatic driving force for the transfer of negatively
charged reactants from solution to TEMPO™ (e.g., OH for OER in alkaline solution).

In addition to the contribution to the electrostatic driving force, the applied electrode

potential can alter the chemical bond formation. The length of the N-O bond formed when

TEMPO" reacts with OH™ (d; in Fig. 6B) decreases from 1.645 A at Epzc to 1.509 A at
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Fig. 6. Water oxidation electrocatalysis by surface-bound TEMPO in alkaline solution. (A)
Plane-averaged electrostatic potentials of the carbon electrode, attached TEMPO, and solution as
a function of the applied electrode potential, £ (vs. Epzc). (B) Structure of the attached TEMPO-
OH. d; is the N-O bond length, and d, is the O-H bond length.

E =1.22 V, indicating that the bond strength increases with the applied potential. Moreover, the
O-H bond length (d in Fig. 6B) slightly increases from 0.980 A to 0.985 A, suggesting that the
applied potential may also facilitate the ensuing deprotonation of -OH. These effects can be
attributed to the mixing of TEMPO orbitals with the carbon electrode, which does not occur in
conventional molecular catalysis. The projected density of states (Fig. S8) shows that the orbital
interaction between TEMPO" and OH increases at more positive E.

Unlike water oxidation, the mechanisms of alcohol oxidation catalyzed by TEMPO have
been extensively studied.’®’? In an alkaline solution, the formation of an adduct between the
alcohol substrate and TEMPO" (Fig. 7A) is followed by the rate-determining intramolecular
hydrogen transfer to produce the corresponding aldehyde and hydroxylamine (TEMPOH)

(Fig. 7B).”"7> The intramolecular hydrogen transfer step does not involve transfer of
ions/electrons from solution, so the rate increase is due to changes in the relative chemical
potentials of the products and reactants. The DFT calculated reaction free energy of this step for
ethanol oxidation decreases as E becomes more positive (Fig. 7C), which is consistent with

experimental observations of increased reaction rates at higher anodic potentials and can be
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explained by the changes in the orbital interactions between TEMPO" and CH3CH,O". Strong
interactions between the antibonding orbitals of TEMPO" and CH3CH,O" result in a bonding
orbital, and the net effect is that almost one electron is transferred to the TEMPO™ LUMO.”® At
higher E values, the orbital interactions become weaker (Fig. S9), and the distance between N
and O in the intermediate (d in Fig. 7A) gets longer. Thus, our calculations show that the ethanol
oxidation on TEMPO-GCE can be predominantly driven by changes in chemical potentials for

the rate-determining intramolecular hydrogen transfer step.
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Fig. 7. Ethanol oxidation electrocatalysis by surface-bound TEMPO in alkaline solution.
(A) Structure of the TEMPO-OCH>CH3 intermediate. (B) Formation of TEMPOH and CH3;CHO
after the intramolecular hydrogen transfer. (C) Reaction free energy of the rate-determining step

as a function of E (vs. Epzc).

CONCLUSIONS

We used a recently developed concept of voltage-driven molecular catalysis to design a
hybrid molecular electrocatalyst for water and alcohol oxidations by straightforward covalent
attachment of metal-free (purely organic), commercially available TEMPO radical to the carbon
electrode surface. A very low load and ease of recycling distinguishes it from homogeneous
molecular catalysts. Unlike typical heterogeneous electrocatalysts, it is highly stable, unaffected

by surface passivation and dissolution, and does not require engineering of active sites.”® The
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electrode potential contribution to the catalytic driving force results in a low onset potential and
high current density at low overpotentials. It enables efficient TEMPO-mediated oxidation of
water and other reactions that would not be possible if the same reagent was used as a
homogeneous catalyst. Although the detailed mechanisms of water and alcohol oxidations on
TEMPO-GCE have yet to be elucidated, our DFT calculations suggest both the electrostatic
potential drop between the attached TEMPO and the reactant and the changes in the chemical
bonds between these species contribute to the enhanced catalysis. In this way, new molecular
catalysts for OER and other energy-related processes can be designed with a better stability,
lower overpotential, and higher turnover numbers.

EXPERIMENTAL SECTION

Chemicals and materials. TEMPO, 4-amino-TEMPO, and KOH were purchased from
Sigma-Aldrich, and hydrogen peroxide (35% w/w aqueous solution) was from Alfa Aesar.
Sodium phosphate dibasic (Sigma-Aldrich, 99.95% trace metals basis) and sodium phosphate
monobasic (anhydrous, Sigma-Aldrich, 99.998% trace metals basis) were used to make 0.1 M
phosphate buffer (pH 7.2). Ethyl alcohol, glycerol, and n-butyl alcohol were purchased from
Sigma-Aldrich. All aqueous solutions were prepared using water from Milli-Q Advantage A10
system (Millipore Corp.) equipped with Q-Gard T2 Pak, a Quantum TEX cartridge, and a VOC
Pak with total organic carbon (TOC) < 1 ppb.

Electrochemical instruments and procedures. Electrochemical experiments were
carried out using a CHI 760E bipotentiostat (CH Instruments) inside a Faraday cage. In a three-
electrode setup, a 1.5-mm-radius GCE (CH Instruments) or a CNE was used as a working
electrode, a Pt wire was used as a counter electrode, and a commercial Ag/AgCl (1 M KCl) — as

a reference electrode.
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SECM setup and procedures. SECM experiments were carried out using a home-built
instrument, which was described previously.”” A homemade Teflon cell contained a four-
electrode arrangement with a Pt wire counter electrode and a commercial Ag/AgCl reference
electrode (CH Instruments). All experiments were carried out at room temperature (23 + 2 °C)
inside a Faraday cage. A 1.5-mm-radius TEMPO-GCE was used as a substrate electrode, and
the tip — either a 3.5-um-radius TEMPO-modified carbon fiber electrode or a 5-um-radius Pt
disk electrode — was positioned 5 um above its surface in 0.1 M KOH solution. The substrate
potential was either Es = 0.2 V, at which the substrate current was very low, and no appreciable
water oxidation occurred, or 1.2 V corresponding to significant water oxidation and peroxide
oxidation current densities at TEMPO-GCE. The ir-f curves at the TEMPO-modified carbon
fiber tip were recorded at Et = 0.8 V; and the voltammograms at the Pt tip were recorded with
the potential sweep rate, v =20 mV/s.

Fabrication of carbon nanoelectrodes. CNEs with the tip radii ~50 nm were fabricated
as reported previously.”” Briefly, nanopipettes were prepared by pulling quartz capillaries (1.0
mm o.d., 0.5 mm i.d.; Sutter Instrument Company) with a laser pipette puller (P-2000, Sutter
Instruments). Carbon was deposited onto the inner pipette wall by chemical vapor deposition
(CVD) at 950°C, using methane as the carbon source and argon as the protector (argon/methane:
3/5). A 1-hour deposition time was sufficient to nearly fill the nanopipettes with carbon. The
electrostatic discharge protection was used in all experiments to prevent nanoscale damage to
CNEs.”®  The radius value was validated, and the electrode geometry was checked by
transmission electron microscopy (TEM), using a JEOL JEM-2100 instrument. The catalytic

current density values for CNEs were calculated using the geometrical surface area.
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Chemical modification of GCE/CNE/carbon fiber surface. 4-amino-TEMPO was
immobilized on the carbon surface using a reported procedure.’® The modification process was
done by dissolving amino-TEMPO in phosphate buffer (pH 7.2) and applying +0.45 V vs.
Ag/AgCl for 5 mins. 4-amino-TEMPO was attached to the electrode surface through an amine
linkage. After the modification step, the electrode was washed with water. Modified electrodes
showed good stability (Fig. S10) in PBS (pH 7) as well as in 0.1 M KOH (pH 13).

Computational methods. DFT calculations were performed by using the Vienna ab
initio simulation package (VASP).””#° Electron exchange-correlation was represented by the
functional of Perdew, Burke and Ernzerhof (PBE) of generalized gradient approximation
(GGA).}! The ion-electron interaction was described with the projector augmented wave (PAW)
method.®?> The aqueous environment of the electrolyte was treated with a continuum dielectric
model as implemented in the VASPsol code.®*** More computational details can be found in
Supporting Information.

Supporting Information. Supplementary electrochemical data, CVs, and projected density of
states for TEMPO-OH and TEMPO-OCH>CH3, Tafel plots, computational details, and
COMSOL reports, including Figures S1 — S10. This material is available free of charge via the

Internet at http://pubs.acs.org.
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