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ABSTRACT: The development of electrocatalysts for the oxygen reduction M=Fe  H@
reaction (ORR) is important for building efficient fuel cells and metal—air H' e n-H /
batteries. The structures of the catalytic sites in some of the most active e M~
heterogeneous ORR catalysts are under debate. On the other hand, while N'H \
molecular electrocatalysts are structurally well-defined, those that reduce O, tend e Co NG H

= Co, Ni, Cu

to have limited stability and operate with a high overpotential. Here, we report
metal-based graphite-conjugated electrocatalysts (GCC-MDIM; M = Fe, Co, Nij,
Cu) that integrate molecularly well-defined catalyst active sites into a robust and stable heterogeneous graphite electrode. A suite of
spectroscopic methods, including X-ray photoelectron spectroscopy (XPS), X-ray absorption spectroscopy (XAS), and electron
paramagnetic resonance spectroscopy (EPR), has been used to confirm the structure of the catalysts. In the presence of O,, all
graphite-conjugated electrodes reveal a catalytic current, with their product selectivity dictated by the metal ion. While GCC-FeDIM
shows the highest selectivity toward H,0O production, GCC-MDIM (M = Co, Ni, Cu) are selective toward H,0, formation.
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B INTRODUCTION cost of PEM fuel cells, limiting the large-scale application.”” "
Nonprecious transition metal oxides have been investigated for
the ORR;"™'® however, single metal oxides have poor
conductivity, requiring the use of conductive support materials
for better catalytic activity.'””" Other heterogeneous ORR
electrocatalﬁysts include spinel-type oxides,”' ~** perovskite-type
oxides,”*™?° transition metal nitrides,””’">° transition metal
phosphides,”®™** and single-atom catalysts.”* >’ Recent work
has shown that single-atom catalysts featuring first-row
transition metals offer a compelling alternative to platinum
and other precious metal-derived catalysts.”*~** However, for
most heterogeneous electrocatalysts, information regarding the
catalytically active sites is lacking, leading to a knowledge gap
that hinders the development of structure—function relation-
ships that are useful for catalyst optimization as well as
mechanistic understanding.

By contrast, the well-defined nature of homogeneous
electrocatalysts provides detailed information about the active
site of the catalyst. In principle, the properties of the active site
can be rationally tailored for better catalyst performance. For
example, metalloporphyrins have long been of interest for the
ORR, ™" although these have typically been investigated in

Fossil fuels such as natural gas and crude oils meet the majority
of the world’s energy demands." However, these reserves are
nonrenewable and are expected to be exhausted in the coming
decades. In addition, fossil fuel use is one of the major causes of
air pollution and generation of the greenhouse gas CO,, which is
a major culprit in global warming.” This mandates the
development of an alternative source of energy that is renewable,
green, and sustainable.

Proton exchange membrane (PEM) fuel cells and metal—air
batteries have emerged as next-generation performance energy
devices for clean alternative techniques.’ In these systems, the
oxygen reduction reaction (ORR) at the cathode controls the
overall performance of the system. However, the ORR is
kinetically sluggish since multiple electron transfer steps are
required. In PEM fuel cells, the cathodic ORR is 6 orders of
magnitude slower than the anodic redox-balancing hydrogen
oxidation reaction.”™® Therefore, research on PEM fuel cell
electrocatalysts has focused on understanding and improving
the efficiency of the kinetically limiting ORR half-reaction, with
efforts being focused on developing effective homogeneous and
heterogeneous electrocatalysts.

There are many challenges to creating high-performance ——
ORR electrocatalysts. An ideal ORR electrocatalyst has a well- Received: May 22, 2024 o
defined structure made from inexpensive materials in a Revised:  July 1, 2024 :
reproducible synthesis, operates at low overpotential with a Acce}’ted‘ July 18, 2024
high rate, and has high solution stability. Current commercial Published: August 1, 2024
electrocatalysts for the ORR are based on precious Pt metal
electrodes or nanomaterials, which account for 40—50% of the
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organic solvents. Building on this work, efforts have been made
to incorporate such metalloporphyrins onto graphite surfaces,
thereby creating heterogeneous platforms for the ORR in
aqueous media.”> "> While these electrocatalysts reduce O, to
H,0 or H,0,, they require highly acidic media, have low
stability, and require large overpotentials or a combination of
these factors.

Recently, the Surendranath group has reported a new strate%y
for conjugating pyrazine units to an oxidized graphite surface.”®
This strategy can be extended to conjugate transition-metal-
based macrocycles to a heterogeneous graphite surface, which
provides the benefits of both homogeneous and heterogeneous
electrocatalysts. We have previously adapted this strategy to
integrate macrocycles into the graphite electrode to create
graphite-conjugated catalysts, GCC-CoDIM and GCC-FeDIM.
These electrodes have excellent catalytic performance, with the
graphite-conjugated cobalt catalyst reducing nitrite to ammonia
with >99% Faradaic efficiency (FE) and the graphite-conjugated
iron catalyst reducing nitrate to ammonia with 88% FE,””>® both
operating with high turnover frequencies. The graphite-
conjugated catalysts (Figure 1) are well characterized and
provide tunability and structural information about the
catalytically active sites.
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GCC-MDIM (M = Fe, Co, Ni, Cu; X =Cl, Br)

Figure 1. Structure of surface-conjugated GCC-MDIM catalysts.

Building on these developments, in this work, we investigate a
series of graphite-conjugated electrodes for the electrocatalytic
ORR. These electrodes share a common active site structure
composed of a 3d metal ion that is coordinated to the surface-
conjugated macrocyclic ligand. This work is complementary to a
recent report on a series of graphite-conjugated cobalt
complexes for the ORR.>” We find that GCC-FeDIM reduces
oxygen to water with high FE following a four-electron pathway,
while GCC-MDIM (M = Co, Ni, and Cu) reduce oxygen to
hydrogen peroxide following a two-electron pathway at neutral
pH. Since GCC-MDIM are constructed by covalently attaching
the metal-chelating DIM ligand to ortho-quinone groups that are
only found at the edges of the carbon layers, we expect a similar
number of active sites as observed in single-atom catalysts.”" As
characterized by their turnover frequencies (TOF), the ORR
catalytic activity of our chemically modified electrodes is similar
to values reported for single-atom catalysts.*’

B EXPERIMENTAL SECTION

General Considerations. All anaerobic reactions, including
nonaqueous electrochemical measurements, were performed under
an argon environment using standard Schlenk line techniques or in an
MBraun Labmaster glovebox. Aqueous solutions were prepared using
ultrapure (Type 1) water (resistivity of 18.2 MQ-cm at 25 °C) from the
Q-POD unit of a Milli-Q integral water purification system (Millipore,
Billerica, MA). The pH of the solutions was measured using a Mettler
Toledo pH meter at 25 °C.

Cyclic Voltammetry. The general electrochemical setup comprises
three electrodes in a single-compartment cell. Unless stated otherwise,
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the working electrode (WE) is a 3.0 mm diameter surface-conjugated-
glassy carbon disk, the reference electrode (RE) is Ag/AgClina 1 M
KCl solution, and the counter electrode (CE) is a carbon rod electrode.
A CH Instruments 720E bipotentiostat outfitted with an accompanying
software suite was used for all electrochemical measurements, which
were conducted under argon at room temperature. Potentials measured
against the Ag/AgCl couple (1 M KCl) were converted to the reversed
hydrogen electrode (RHE) by Egy = Epg/agar +0.197 + (0.059 X pH).
Glassy carbon disk electrodes (3 mm diameter, 0.071 cm?) were
purchased from CH Instruments. Ag/AgCl reference electrodes (1 M
KCl fill solution) were purchased from CH Instruments. A rotating ring
disk electrode (RRDE) was used to measure FE using RRDE-3A ver.
2.0 from RoHS compliant. The working electrode of the RRDE consists
of two electrodes: (a) a 4.0 mm diameter glassy carbon disk electrode
and (b) a platinum ring electrode. The counter electrode is a carbon
rod, and the reference electrode is a Ag/AgCl couple in a 1 M KCl
solution.

Graphite Conjugation as a Generalizable Synthetic Strategy.
The graphite-conjugated catalysts [Fe(DIM)CL]* and [Co(DIM)-
Br,]* were prepared as previously reported.””*® This synthetic strategy
was extended to GCC-MDIM (M = Ni, Cu), which were assembled in
two discrete steps: (1) the macrocycle is assembled at the electrode and
(2) metalation. The discrete cyclization and metalation steps provide a
pathway for other metals and ligands to be similarly conjugated to the
electrode surface. It is worth noting that attempts to create molecular
analogues for Fe and Cu have been unsuccessful.***

Electrode Cleaning and Pretreatment. Glassy carbon disk electro-
des were polished with a Buehler polishing pad with a 0.05 gzm alumina
slurry for two min, followed by rinsing with reagent-grade water. To
increase the surface area and expose more quinone moieties, glassy
carbon disk electrodes were anodized via controlled potential
electrolysis at 3.3 V vs SCE for 10 s in 0.1 M H,SO, under argon.63
Electrodes were subsequently washed with excess reagent-grade water
and methanol and dried in vacuo prior to conjugation and metalation.
Surface functionalization was carried out by immersing preoxidized
electrodes in a mixture of 1,2-bis(3-aminopropylamino)ethane (37.1
uL) and concentrated HCI (19.7 uL) in 10 mL of methanol solution,
followed by 1 h stirring at room temperature.*® The appropriate metal
salts were added, and the reactions were stirred at 50 °C overnight.
After cooling, electrodes were rinsed with methanol and copious
amounts of water. The electrodes were soaked in 0.1 M HCI solution
for 1 h to remove physisorbed and uncyclized chemisorbed linkages.

Preparation of Metal-Functionalized Monarch Carbon Powder
(MDIM-Monarch). CABOT Monarch 1300 Carbon Black was obtained
as a preoxidized powder. The previously reported procedure was
followed to conjugate the macrocycle complex to the surface.*®
Monarch carbon (100 mg) was added to a solution of 1,2-bis(3-
aminopropylamino)ethane (55.7 4L, 0.3 mmol) and 37% aqueous HCI
(29.55 pL) in 15 mL of methanol. The slurry was stirred for 1 h at
ambient temperature, followed by the addition of solid metal salts (0.15
mmol), and heated for 12 h at 50 °C. After 12 h, the reaction mixture
was filtered, and solid black powder was rinsed with copious amounts of
water and methanol. The modified carbon powder was placed in a
Soxhlet extractor and extracted with hot methanol until the washings
were colorless. The modified carbon powder was dried in vacuo and
used as needed.

Preparation of GCC-MDIM-Monarch Ink. Monarch powder
conjugated GCC-MDIM (M = Fe, Co, Ni, Cu) were dropcast on the
disk electrode for the measurement of RRDE. To prepare the ink, 10 mg
of GCC-MDIM powder, 1.8 mL of water, 0.1 mL of ethanol, and 0.1
mL of 5% Nafion were sonicated for 30 min. The ink was dropcast on a
4 mm diameter glassy carbon disk electrode and dried at 60 °C for 10
min.

X-ray Photoelectron Spectroscopy (XPS). XPS spectra were
recorded for freshly prepared electrodes with no further treatment
beyond the usual cleaning procedure described above. X-ray photo-
electron spectra (XPS) were recorded using a Physical Electronics PHI
VersaProbe II XPS with a hemispherical energy analyzer and a
monochromatic aluminum Ka X-ray source (1486.6 eV). The XPS
spectra were collected with an X-ray power of 25 W at 15 kV and a 100
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um beam size. Metallic Au, Ag, and Cu were used for instrument
calibration. The PHI dual charge compensation system was used for all
measurements. The ultimate VersaProbe II instrumental resolution was
determined to be better than 0.125 eV using the Fermi edge of the
valence band for metallic silver. XPS spectra with an energy step of 0.1
eV were recorded using SmartSoft—XPS v2.6.3 at pass energies of 46.95
eV for N Is, 23.5 eV for C and O 1s, and 93.9 eV for CI 2p, Ni 2p, and
Cu 2p. All peaks were referenced to the 1s graphitic carbon peak (284.4
€V) in HOPG. The XPS spectra were processed with PHI MultiPack
v9.3.0.3 software. Peaks were fitted using GL line shapes, ie, a
combination of Gaussian and Lorentzian with 10—50% Lorentzian
contents. Shirley background was used for curve fitting. The sample for
XPS was placed on the sample platform using double-sided Scotch tape.
Spectral reproducibility over three sample regions showed the reliability
of the data. The XPS of GCC-FeDIM and GCC-CoDIM have been
reported previously.””*®

X-ray Absorption Spectroscopy. X-ray absorption spectra were
collected at the Advanced Photon Source (APS) at Argonne National
Laboratory at beamline 12-BM from samples pressed into pellets in a
plastic holder. The radiation was monochromatized by a Si(111)
crystal. The intensity of the X-rays was monitored by three ion
chambers filled with 100% nitrogen. The metal foil was placed between
I, and I;, and its absorption was recorded with each scan for energy
calibration. The energy of the first derivative peak of the Cu, Fe, Co, and
Ni metal foils was calibrated to the Cu, Fe, Co, and Ni K-edge energies
of 8991.0, 7112.0, 7708.9, and 8332.8 eV correspondingly. The metal
X-ray fluorescence data were collected using an X-ray fluorescence
detector.

Extended X-ray absorption fine structure (EXAFS) data analysis
Athena software was used for data processing.”* Data in the energy
space were pre-edge corrected, normalized, and background corrected.
The processed data were converted to the photoelectron wave vector
(k) space and weighted by k*. The electron wavenumber is defined as in
eql

k = [2m(E — E,)/h*]"/? (1)

where E; is the threshold energy. The k-space data were truncated near
zero crossings and Fourier-transformed into R-space. Artemis software
was used for curve fitting. In order to fit the data, the Fourier peaks were
isolated separately, or the entire experimental spectrum was fitted. The
individual Fourier peaks were isolated by applying a Hanning window.
Curve fitting was performed using ab initio-calculated phases and
amplitudes from the FEFF8 program from the University of
Washington. Ab initio-calculated phases and amplitudes were used in
the EXAFS eq, eq 2%°

N —204% — .
x(k) = So2 Z k?;zfeff’ (7, k, Rj)e 20k ZR’M’(k)sm(ZkRj
j

+ ¢,(k)) (2)

where N; is the number of atoms in jth shell; R; is the distance between
the absorbing atoms and the atoms in jth shell; f is the ab initio

amplitude function for j, and e 29K 2 s Debye—Waller factor for shell
j accounting for damping due to thermal and static disorder in the shell.
The mean free path term (e 2%/ 4/(1‘)) accounts for losses due to inelastic
scattering. The oscillations in the EXAFS spectrum are reflected in the
sin(ZkRj + (pij(k)) term, where qoii(k) is the ab initio phase function for
the shellj. S, is an amplitude reduction factor. The EXAFS equation was
used to fit experimental data using N, E, R, and 6* as variable
parameters, while S, was kept fixed. The quality of fit was evaluated by
the R-factor: if the R-factor is less than 2%, then the fit is good enough.
Reduced y* was used to justify the addition of new absorber-backscatter
shells.

EPR Spectroscopy. X-band EPR measurements were performed on
an EMX X-band spectrometer equipped with an X-band CW
microwave bridge (Bruker, Billerica, MA). During EPR measurements,
the sample temperature was maintained at the reported temperature by
using a closed-cycle cryostat (ColdEdge Technologies, Allentown, PA).

Spectrometer conditions were as follows: a microwave frequency of
9.47 GHz, a field modulation amplitude of 25 G at 100 kHz, and a
microwave power of 31 mW, unless otherwise mentioned. A sample of
GCC-MDIM powder was loaded into an EPR tube, and the tube was
sealed with a cap.

Surface Coverage Determination from CV. Catalyst surface site
density was estimated by integrating the process in the cyclic
voltammogram that is attributed to the bound species. Integration
was bounded by a straight line connecting the two chosen potential
values. Assuming one electron transferred per [MDIM] unit, we
calculated site densities using the equation Q = nFAI'j + Qg, where Q is
the integrated charge, n is the number of electrons, F is the Faraday
constant, A is the area of the electrode, I'; is the surface coverage, and
Qg is the double layer charge.

Surface Coverage Determination from ICP-OES. Spectra were
collected using an Agilent 7850 quadrupole inductively coupled
plasma-mass-spectrometry (ICP-MS). A calibration curve was
generated from aqueous 2% HNO; containing known concentrations
of Fe, Co, Ni, and Cu. Following synthesis, GCC-MDIM were cleaned
with copious MeOH and water. The electrodes were scanned through a
reductive potential to remove physisorbed non-macrocyclic species
from the surface. The electrodes were then digested at room
temperature by 200 uL of concentrated HNO; for 30 min, followed
by dilution to 10 mL with water to create a 2% HNOj solution. A
separate 2% HNOj; solution was also measured as a control.

Turnover Frequency (TOF) Calculation. The TOF is defined by
the equation below®
j

TOF = ———
nX FXN

where j (A cm™) is the current density, F (s A mol™") is the Faraday
constant, and N is the site density (mol cm™2).

Rotating Ring Disk Electrode (RRDE) Voltammetry and
Faradaic Efficiency Calculations. The amounts of water and
hydrogen peroxide produced by GCC-MDIM were calculated from
rotating ring disk electrode experiments.

0, + 2H" + 2¢” - H,0,

0, + 4H" + 4¢” — 2H,0

The rotating ring disk electrode has one glassy carbon disk and one
platinum ring electrode. The GCC-MDIM (M = Fe, Co, Ni, Cu) ink
was dropcast on the glassy carbon disk electrode. The potential of the
disk electrode is swept from positive to negative, while the platinum ring
electrode potential is held constant at 1.2 V vs RHE. During the O,
reduction, H,0, (i.e, the 2e” reduced product) produced in the
working disk electrode is radially diffused to the Pt ring, where it is
reoxidized to O,. The FE of H,O production is calculated from the ratio
of the 2e™/2H" current (corrected for collection efficiency) at the ring
and the catalytic current at the disk. The collection efficiency (CE) of
the RRDE setup is measured in a 10 mM K;[Fe(CN),] and 0.5 M KCl
solution at a 100 mV/s scan rate and 2000 rpm rotation speed. A 36 +
1% CE is generally observed. All of the RRDE experiments were
repeated multiple times for reproducibility and showed +10%
difference in FE.

Calculation of % H,0 from RRDE.®”%®

I

T X 100

N 3)
I, = ring current, Iy = disk current, and N = collection efficiency.

Calculation of Electrons (n) from RRDE.
414

2 %
100 — %H,0, = 100 —

I+

Ir
Ii+3 (4)

Iy = disk current, I, = ring current, and N = CE = collection efficiency.
Rotating Disk Electrode Voltammetry. The RDE measurements
were recorded using the same instrument as RRDE. The GCC-MDIM

https://doi.org/10.1021/acsaem.4c01216
ACS Appl. Energy Mater. 2024, 7, 6717—6726


www.acsaem.org?ref=pdf
https://doi.org/10.1021/acsaem.4c01216?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Energy Materials

www.acsaem.org

Scheme 1. Synthesis of GCC-MDIM (M = Fe, Co, Ni, Cu)
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Figure 2. (A) High-resolution Ni 2p XPS spectrum of GCC-NiDIM (glassy carbon). The measured signal is in black, the fit peaks are in green and
yellow, and the overall fit manifold is in red. (B) The high-resolution Cu 2p XPS spectrum of GCC-CuDIM (glassy carbon). The measured signal is in
black, the fit peaks are in green and purple, and the overall fit manifold is in red. (C) The high-resolution N 1s XPS spectrum of GCC-NiDIM (glassy
carbon). The measured signal is in black, the fit peaks are in red, purple, and yellow, and the overall fit manifold is in red.

ink was dropcast on the glassy carbon disk electrode. The RDE
experiments were conducted by measuring linear sweep voltammetry
(LSV) ata 100 mV/s scan rate at different rotation rates using Ag/AgCl
(1 M KCl) reference and carbon rod auxiliary electrodes.
Calculations for the RDE Experiment. The Koutecky—Levich
equation was used to calculate the number of electrons involved in the
catalysis (1) and the overall rate constant of the reaction (M ™! §1).56

it (%)
ijirg 18 the limiting current obtained from the RDE plots for O, reduction
at the glassy carbon disk per unit area

iLey is the Levich current density = 0.62nFACD*3p™"°@!/?

F is the Faraday constant = 96,485 C mol™"

A is the surface area of the electrode = 0.19 cm?

C is the concentration of the O, in aqueous solution at pH 7 = 2.6 X
1077 mol/mL"°

v is the kinematic viscosity of the solution at 22 °C = 0.01 cm?/s?

® is the angular velocity of the disk = 2zN/60 (in sec), where Nis the
linear rotation speed

1 _ -1
Him = Hev

6720

D is the diffusion coefficient = 2.1 X 1075 cm?* s~

jk =nF Ckcatrcat

I'.,; = concentration of catalyst on the surface

k... = overall rate constant of the reaction.

Tafel Data Collection. Tafel plots were obtained via potentiostatic
measurements on GCC-FeDIM in a 0.1 M Na,SO, electrolyte in the
presence of O,. For each run, the current produced at a specified
potential after 20 s of polarization was measured. Data were collected in
20 mV increments between 0.55 V vs RHE and 0.25 Vvs RHE in 0.1 M
Na,SO, solution. Data were collected in succession for each potential
step without an intervening pause. The Tafel plots were then
normalized for the number of Fe surface sites, as measured by cyclic
voltammetry.

B RESULT AND DISCUSSION

Synthesis and Characterization of GCC-MDIM (M = Fe,
Co, Ni, Cu). The procedures previously reported for the
synthesis of GCC-FeDIM and GCC-CoDIM catalysts®*® are
readily extended to create their nickel and copper congeners. In

https://doi.org/10.1021/acsaem.4c01216
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Figure 3. K-edge XANES of (A) Niand (B) Cu. (C) The comparative figure of Cu, Fe, and Ni EXAFS indicating the presence of similar backscattering
peaks. (D) The first derivative of Cu XANES indicates Cu(II) as the metal center for GCC-CuDIM on Monarch carbon.

brief, graphite electrodes are anodically treated to increase the
concentration of quinone functionalities on the surface, which
are then condensed with 1,2-bis(3-aminopropylamino)ethane
under acidic conditions, followed by metalation in methanol
(Scheme 1). Physisorbed species are removed by washing with
0.1 M HCI solution. While this synthetic strategy allows the
selection of graphite-conjugated macrocycle catalysts to be
systematically extended to nickel and copper, attempts toward
the synthesis of both chromium and manganese catalysts were
complicated by the physisorption of metal salts on the electrode
surface. It is worth noting that GCC-MDIM are readily
accessible via a one-pot synthetic procedure, in contrast to the
synthesis of some single-atom catalysts.*”**%°

X-ray photoelectron spectroscopy (XPS) of the GCC-NiDIM
and GCC-CuDIM electrodes confirms that the respective metal
ions are incorporated onto the electrode surface. Importantly,
these elements are not observed in unmodified electrodes. In the
case of GCC-NiDIM, high-resolution Ni 2p XPS exhibits 2p;,
and 2p, /, peaks at 855.0 and 872.4 eV, respectively (Figure 2A),
consistent with Ni(II).”" The N 1s spectra can be deconvoluted
into two peaks centered at 398.9 and 399.5 eV, corresponding to
the imine and amine nitrogens (Figure 2C). The peak at 401.7
eV corresponds to adventitious ammonium groups, as we have
previously reported.””*® The Ni/N ratio (1:5.4) in the survey
spectrum is consistent with the proposed structural formulation.
Similar N 1s spectra are observed for GCC-CuDIM. In this case,
the high-resolution Cu 2p XPS spectrum of GCC-CuDIM
shows 2p;/, and 2p, , peaks at 934.4 and 954.5 eV, as well as the
presence of shakeups, indicating the +2 oxidation state (Figure
2B).71’72

X-ray absorption spectroscopy (XAS) was used to evaluate
the oxidation state and coordination environment of the metal
center. The parameters for GCC-FeDIM*® and GCC-CoDIM”’
were reported earlier, with the Fe and Co K-edge XANES and
EXAFS confirming the formation of Fe(IlI) and Co(III)
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complexes in an octahedral coordination environment,
respectively.

The Ni K-edge XANES of GCC-NiDIM has a shape that is
similar to those reported for octahedral Ni(II) coordination
compounds, with the first derivative at 8346.0 eV indicative of
the Ni(II) oxidation state (Figure 3A).”> The Cu K-edge
XANES of GCC-CuDIM indicate the Cu(II) oxidation state of
the metal center with the maximum of the XANES first
derivative at 8991 eV, similar to copper(I) oxide (Figure 3B).”*
The Ni and Cu EXAFS of GCC-NiDIM and GCC-CuDIM
indicate the presence of similar backscattering peaks at an
apparent distance of ~1.6 A, corresponding to the M—N
coordination sphere (Figures 3C, S7; Tables S1, S2). This is
consistent with our observations for GCC-FeDIM.

EPR spectroscopy provides further evidence for the presence
of Cu(II) in GCC-CuDIM. Specifically, the cryogenic (10 K) X-
Band EPR spectrum reveals a paramagnetic Cu(II) feature near
g =2, which is similar to the spectra reported for other Cu** ions
in a N4 environment (Figure $8).”%7°

Electrochemical Properties of GCC-MDIM. We pre-
viously reported the electrochemical properties of GCC-FeDIM
and GCC-CoDIM, which show surface-based redox processes at
0.33 and 0.09 V vs RHE in aqueous solution, respectively.’”**
The CVs of GCC-NiDIM and GCC-CuDIM also show broad
Gaussian-shaped redox processes at 0.17 V vs RHE (Figure S3)
and 0.21 V vs RHE (Figure SS), respectively. The linear
dependence of the peak current on the scan rate is consistent
with a heterogeneous electrochemical process (Figures S4 and
S6), which is further supported by the small peak-to-peak
separation.

Electrocatalysis of GCC-MDIM. The CV of GCC-FeDIM
collected in an O,-saturated solution shows an irreversible
catalytic current with an onset potential between 0.5 and 0.4 V vs
RHE in aqueous solution (pH 6.0) (Figure 4). The limiting
current is observed at 0.23 V vs RHE, and the current density
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Figure 4. Cyclic voltammograms of GCC-FeDIM (glassy carbon)
recorded in 0.1 M Na,SO, solution (black), with O, (red), pH 6.0, and
a scan rate of 25 mV/s.

does not significantly decrease over three repeated sweeps in the
CV (Figure S10). When the electrode was polished and
reimmersed in the same solution, a similar catalytic current in
the presence of O, was not observed (Figure S11), indicating
that GCC-FeDIM reduces O,. Similarly, the catalysts GCC-
MDIM (M = Co, Nj, and Cu) show a catalytic current in the
presence of O,, with all of the onset potentials between 0.5 and
0.4 V vs RHE (Figures $12—S17).

Rotating ring disk electrode (RRDE) experiments were used
to benchmark the selectivity of the heterogeneous ORR by
GCC-MDIM. Here, the catalysts are conjugated to high-surface-
area Monarch powder that is dropcast onto a GC disk electrode
using Nafion as an adhesive. Importantly, these electrodes show
electrocatalytic responses similar to those observed for the glassy
carbon-conjugated catalysts. Note that addition of Nafion
changes the spectroscopic Fe XAS data in a single site Fe-N-C
catalyst, which was interpreted as a stron catalyst ionomer
interaction and Fe binding to the Nafion.”” An unmodified Pt
ring electrode with its potential fixed at 1.2 V vs RHE was used to
reoxidize all of the reduced products (except water) to O,. The
current detected during the oxidation of the reactive species
allows the selectivity for 4e”/4H" versus 2e”/2H" reduction to
be evaluated.

These RRDE experiments used low concentrations of
conjugated catalysts to maintain pseudo-first-order conditions
with respect to dissolved O,. The small difference in onset
potentials (<50 mV) between the glassy carbon and RRDE disk
electrodes is attributed to the fact that the Nafion adhesive
prevents all of the catalysts from being directly conjugated to the
electrode surface.”

The number of electrons involved in O, reduction using
GCC-MDIM is calculated from eq 3 where I and I, are the
limiting currents obtained from the GC disk and Pt ring
electrodes, respectively, and N is the collection efficiency of the
electrode (0.36; see Supporting Information and Figure $26). At
pH 6.0 and applied potential of 0.3 V vs RHE, only GCC-
FeDIM shows selectivity for H,O formation (n = 3.62), whereas
the data for GCC-CoDIM (n = 2.71), GCC-NiDIM (n = 2.76),
and GCC-CuDIM (n = 2.68) indicate selectivity toward H,0,.
It is interesting to note that n at first decreases with increasing
overpotential, but with larger overpotentials, it increases. For
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example, the lowest n value for GCC-FeDIM is observed at 0.18
V vs RHE (n = 3.43), whereas for GCC-CoDIM, GCC-NiDIM,
and GCC-CuDIM, the lowest # value is at 0.27 V (n = 2.68),
0.26 V (n = 2.70), and 0.25 V (n = 2.65) vs RHE, respectively.
We suggest that this behavior stems from the relative abilities of
the metal ions to adsorb O,.”

The FE for H,O was calculated at different rotation rates by
using eq 4.

Consistent with our observations above, at pH 6.0, GCC-
FeDIM has the highest selectivity toward H,0, and GCC-
MDIM (M = Co, Ni, and Cu) have the highest selectivity toward
H,O0,. For example, at 0.3 Vvs RHE, GCC-FeDIM has a 73% FE
for H,0, whereas GCC-CoDIM has a 42% FE for H,O and 58%
FE for hydrogen peroxide (rotation rate 2000 rpm). With GCC-
CoDIM, the FE of H,0, increases with changing potential to
62% at 0.26 V vs RHE. Under identical conditions, GCC-
NiDIM (40% FE for H,0O and 60% FE for H,0,) and GCC-
CuDIM (36% FE for H,0O and 64% FE for H,0,) show high
selectivity toward H,0, (Figure S).

100
—— GCC-FeDIM
J —— GCC-CoDIM
—— GCC-NiDIM
80 - —— GCC-CuDIM
2000 RPM
o l
o 60
T ]
40 -
20 T T T T T
0.5 04 0.3 0.2 01
E/V vs. RHE

Figure 5. Comparison of Faradaic efficiency of GCC-MDIM (M = Fe,
Co, Ni, and Cu) recorded in 0.1 M Na,SO,, pH 6.0, a scan rate of 100
mV/s, and a rotation rate of 2000 rpm. The reported Faradaic
efficiencies are the average of three RRDE experiments.

We briefly note the high selectivity of GCC-MDIM (M = Co,
Ni, Cu) for the formation of H,0,. The energy and
environmental impact of the anthraquinone process for H,0,
production®~** has spurred an interest in the development of
alternative electrochemical methods for H,O, synthesis. While
the selectivity of GCC-CoDIM for H,0, at 0.1 V vs RHE is less
than that reported for a Co—N—C single-atom catalyst, those of
GCC-NiDIM and GCC-CuDIM are greater than the Ni—N—C
(52%) and Cu—N-C (36%) analogues.83 In addition, GCC-
CoDIM shows higher FE for H,0, compared to similar
graphite-conjugated CB-pda-Co and CB-salophen-Co (~20%)
catalysts.>”

Previous studies on the ORR using M—N—C single-atom
catalysts have shown that the catalytic activity is influenced by
both the metal ion and its chemical environment.’”**~% A
combined experimental and computational study for a series of
M—N-C single atoms revealed that the selectivity could largely
be attributed to the binding free energy for the HO*
intermediate (* denotes active site). The largest binding free
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energies were observed for M = Mn and Fe, which are selective
for the four-electron reduction to H,O. The highest selectivity of
M = Co for H,0, production is attributed to its binding free
energy being most favorable for the two-electron pathway.*
The similar structure/selectivity trend for GCC-MDIM suggests
that these catalysts follow a mechanism similar to that for these
M—N-C single-atom catalysts.

Under basic conditions (pH 12.9), analogous RRDE
experiments reveal that the product selectivity shifts from H,O
to H,0, for all GCC-MDIM electrocatalysts. This is likely due
to the lower proton concentration, which influences the stability
of oxygen—derived intermediates through hydrogen bond-
ing.””*”* 1In addition, lower proton concentrations will
decrease the rate of proton transfer to these intermediates,
disfavoring the formation of H,O. Unfortunately, we are unable
to evaluate the catalytic activity of these graphite-conjugated
electrodes under acidic conditions, as they are not stable below
pH 4.0.

The catalytic activity of GCC-FeDIM can be compared with
that of Pt/C deposited on a glassy carbon. At pH 6.0, the onset
potential for Pt/C is 220 mV less cathodic than that for GCC-
FeDIM (Figure S24), with a greater FE for the formation of H,0
(>90 vs ~73% for GCC-FeDIM). At pH 12.9, the difference in
the onset potentials decreases to only 70 mV; however, the FE of
H,0 production for GCC-FeDIM decreases (Figure S25),
whereas that for Pt/C is unchanged (>90%). Nonetheless, it is
interesting to note that GCC-FeDIM shows a similar onset
potential to Pt/C at higher pH.

Koutecky—Levich Plots and ORR Kinetics. The selectiv-
ity and kinetics of O, reduction were further investigated
through rotating disk electrode (RDE) experiments, where each
of the GCC-MDIM catalysts was deposited on a GC disk
electrode. Koutecky—Levich (K—L) plots, iy, "' vs @'/, where
i is the limiting current obtained at a given angular rotation
rate (@), were generated from the current and potential curves
for all four GCC-MDIM catalysts at varied rotation rates (see
Figures S30—S37). The linear fit of the K—L plot provides
information about the number of electrons transferred from the
slope and the catalytic rate constant, k,,, from the intercept. In
the case of GCC-FeDIM, the number of electrons extracted
from the slope of the K—L plot is found to be 3.16 at 0.2 V vs
RHE, supporting a 4e~ reduction of O, to H,O (Figure 6). This
value is also in excellent agreement with the calculated RRDE
value (n = 3.44; Table S3). The catalytic rate constant for GCC-
FeDIM is 1.48 X 10° M™' s". A similar analysis for the other
three GCC-MDIM electrocatalysts also supports the 4e”
reduction of O,, with similar k_,, (Table S3), in contrast to the
RRDE results. To evaluate the intrinsic activity of GCC-MDIM
catalysts, we have estimated turnover frequencies (TOFs) based
on the surface metal site density. The TOF values for GCC-
MDIM are similar to those observed for Fe—=N—C type single-
atom catalysts,” likely due to their site densities being lower
than for molecular electrocatalysts. It is worth noting that all
GCC-MDIM are stable for over an hour during CPE, with no
decrease in current observed (Figure $40).

We also conducted a Tafel analysis for GCC-FeDIM, which
shows the best electrocatalytic performance for water
production. Steady-state currents were normalized to the
surface concentration of Fe as determined by the surface
process integration in the cyclic voltammogram after multiple
cycles. The resulting Tafel plot (Figure S38) is linear over the
~0.2 V potential range with a slope of 98 mV/decade, indicating
catalysis controlled by rate-limiting electron transfer. The ideal
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Figure 6. Koutecky—Levich (K—L) plots for GCC-FeDIM deposited
onto a rotating glassy carbon disk electrode with the limiting currents
observed at 0.2 V vs RHE (blue), and the theoretical K—L plots for 2e~
(pink) and 4e” (green) processes shown for comparison. The
experimental plot is the number of electrons involved in the ORR
process estimated from the slope of the K—L plot for GCC-FeDIM.
The R? values for the linear fits are 0.998 (experimental n, blue), 1.00
(theoretical n = 2, pink), and 1.00 (theoretical n = 4, green).

slope for a rate-limiting electron transfer is 120 mV/dec.*””

The nonideal value for the Tafel slope may be due to a nonideal
symmetry coefficient (a # 0.5) as a result of catalyst conjugation
to the electrode.”

B CONCLUSIONS

In conclusion, we report a series of heterogeneous electrodes
that are constructed from earth-abundant macrocyclic com-
plexes conjugated to a robust graphite electrode. Spectroscopic
characterization of these electrodes reveals that metal ions are in
a MN,X, (M = Fe, Co, Ni, Cu; X = Cl, Br) coordination
environment. Electrochemical experiments show that all of the
electrodes are active for the ORR. Interestingly, the catalytic
efficiency and product selectivity of these surface-conjugated
electrodes are dependent on the identity of the metal at the
active site. RRDE experiments reveal that GCC-FeDIM reduces
0, to H,0 with higher FE, whereas GCC-MDIM (M = Co, Ni,
and Cu) reduce O, to H,O, with higher FE. These results are
supported by RDE experiments.

Finally, the synthetic flexibility afforded to this catalyst
framework leads us to anticipate that it can be expanded to other
metal ions and ligand designs. Combined with the robustness of
the catalyst, we anticipate that it has promise for multiple
electrocatalytic reactions.
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