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ABSTRACT: Iron complexes of tetra-amido macrocyclic
ligands are important members of the suite of oxidation
catalysts known as TAML activators. TAML activators are
known to be fast homogeneous water oxidation (WO)
catalysts, producing oxygen in the presence of chemical
oxidants, e.g.,, ceric ammonium nitrate. These homoge-
neous systems exhibited low turnover numbers (TONs).
Here we demonstrate immobilization on glassy carbon and
carbon paper in an ink composed of the prototype TAML
activator, carbon black, and Nafion and the subsequent use
of this composition in heterogeneous electrocatalytic WO.
The immobilized TAML system is shown to readily
produce O, with much higher TONs than the
homogeneous predecessors.

flicient energy storage is an important challenge in the
further implementation of renewable energy generation to
cope with the challenges of intermittency and peak production/
demand mismatch. The formation of reactive chemical bonds
has been one widely explored energy storage strategy for direct
utilization or further conversion into liquid fuels. With its
potential for an environmentally benign globally applicable
process, the electrochemical splitting of water is a coveted
target that couples the hydrogen and oxygen evolution
reactions, HER and OER, respectively." The OER is the
demanding challenge. It requires four electron transfers and
accounts for most of the commonly observed overpotential. It
occurs at highly oxidizing potentials that jeopardize material
stability. OER catalysis has been of particular interest lately,
with promising studies involving thin transition metal oxide
films>™® and transition metal complexes.”™'* Metal oxide
catalysts have been extensively investigated;ls_18 however,
hypothesized correlations between the energetics of the distinct
steps result in limitations of the minimum overpotential
necessary for high rates of water oxidation (WO)." There is
a critical need for new classes of OER catalysts that could
circumvent the limitations inherent in metal oxide catalysts.
Molecular electrocatalysts can offer a path to this goal by
combining active centers with ligands that direct the reactivity.
Developing economical WO catalysts is also of great interest,
where iron is of particular interest. Not only is iron one of the
most abundant surface elements, but it is also widely deployed
in enzymes for oxidation catalysis, as it can readily change its
oxidation state, which makes it an attractive catalyst material for
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synthetic redox processes.”® Iron oxides are not particularly
efficient WO electrocatalysts, although iron promotes other
metal oxide based electrocatalysts.”' WO by iron complexes has
been sparsely demonstrated to date’ >* using chemical
oxidants such as ceric ammonium nitrate (CAN) or Ru(bpy),**
to drive O, evolution.

Iron TAML activators have recently been shown to catalyze
the homogeneous OER driven by CAN.”®> TAML activators are
the first full functional mimics of oxidizing enzymes and have
been demonstrated to catalyze myriad oxidations by peroxide,
especially in the oxidative destruction of water contami-
nants.”>~>” Here, the prototype TAML activator 1 (Figure 1)
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Figure 1. The prototype TAML activator, 1.

Na

has been used as an electrocatalyst for the OER. Under
homogeneous conditions, 1 displays peak peroxide activation at
pH 9—11 and turnover number (TON) of order 10° in the
bleaching of Orange II dye.”® We attempted to use 1 as a
homogeneous electrocatalyst by electrolyzing a solution
containing TAML, but no evidence of electrocatalytic activity
was observed (see Supporting Information (SI)). However, we
found that supporting 1 on an electrode resulted in an active
heterogeneous electrocatalgrst for the OER, as previously
claimed would be the case.”

TAML/C electrocatalyst powder was produced by combin-
ing 1 (20 mg) in water (1 mL, briefly sonicated to ensure
dissolution) with Vulcan XC-72 carbon black (CB, 1 g), serving
as the catalyst support. The resulting slurry was sonicated (1 h)
and then filtered, washed (with deionized water), dried, and
collected. The catalyst ink was prepared by mixing the 1/C
electrocatalyst powder and Nafion binder (8 wt%, Aldrich) in a
methanol/isopropanol mixture (1/1 by volume, S mL). After
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sonication, the catalyst ink (20 uL) was deposited onto either a
3 mm glassy carbon disk electrode (Pine Instruments) or a
Toray carbon paper (1 cm?®). The wet electrodes were placed
into a 120 °C oven until dry. For the carbon paper electrodes,
additional ink was applied until the desired dry weight of the
catalyst was achieved.

Cyclic voltammetry (CV) and constant current electro-
chemical experiments were performed using a Gamry Ref600
potentiostat in 0.1 M HNOj;, a Pt wire counter electrode, and a
Ag/AgCl reference electrode. The counter electrode was
housed in a glass compartment with a glass frit that allows
evolved H, to escape to the atmosphere. The OER experiments
were performed in a gastight cell equipped with a FOXY
fluorescent oxygen sensor from Ocean Optics. A Shimadzu GC-
8A gas chromatograph was used to evaluate the gas
composition of the headspace using 0.1 mL gas samples.
Previous uses of the fluorescent O, sensor in this general area
have been carried out in O,-free environments using a vacuum
apparatus to evacuate the cell before backfilling with inert gas.*®
In this work, the concentration of O, above the ambient
atmospheric concentration was measured. This adaptation
provides the benefit that the amount of oxygen produced
cannot be overestimated by air leakage into the cell. In contrast,
in long experiments, the amount of oxygen produced can only
be underestimated as a consequence of oxygen leakage from the
cell. A baseline measurement of O, was established in the cell
prior to the electrochemical experiments and was subtracted
from the electrocatalytic data for clarity.

The electrochemical results are summarized in Figures 2 and
3. Figure 2 presents CV data comparing the electrochemical
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Figure 2. Cyclic voltammograms for clean glassy carbon (GC) and
GC coated as described with 20 uL of XC-72 carbon black (GC-CB)
and 20 uL of catalyst ink (GC-Ink-1). Conditions: scan rate, 100 mV/
s; electrolyte, HNO; (0.1 M); T = 298 K; vs Ag/AgCl reference; Pt
counter electrode.

behavior of the GC-Ink-1 electrode with that of the polished
GC and GC-CB electrodes. The GC-Ink-1 ink loading of 20 uL
corresponds to ~17 nmol of 1. The iron oxidation state in 1 is
I1I, and 1 has been shown to undergo an Fe®'/** oxidation,
which can lead to the well-characterized (Fe'),O dimer in
homogeneous solution.*" Based on the CV data for the GC-
Ink-1 electrode (Figure 2), a similar oxidation process is
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observed electrochemically, with the Fe"™ " process occurring
at 720 mV (vs Ag/AgCl) prior to the onset of O, evolution at
~1 V. Comparing the CVs, it is clear that this oxidation wave is
not present in the absence of 1. The CVs of Figure 2 also
indicate comparative activity, and here it can be seen that at a
given overpotential (7 > #gnee), the anodic current is higher
with 1 present.

Figure 3 shows the real-time production of O, gas as
measured by the oxygen-selective FOXY probe. A constant
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Figure 3. Real-time production of oxygen gas measured by a FOXY
probe during S mA constant current experiments. Conditions: 0.1 M
HNO;. Dark blue line, 1 cm? carbon paper electrode loaded with 2 mg
of catalyst ink (dry weight) containing TAML 1; thin black line, 1 cm?
carbon paper electrode loaded with 2 mg of catalyst ink (dry weight)
containing Fe'CI(OEP) porphyrin. Both electrodes contained

approximately 72 nmol of Fe.

current of 5 mA was applied for the experiment. O, was evolved
for the entire duration of the experiment up to a maximum of
~44 pmol. The empirical Faradaic efficiency was found to be
~45%; this value is a lower bound because evolved O, can leak
from the reaction cell due to the partial pressure of O, in the
cell being greater than that of ambient air.

A series of control experiments were performed to determine
whether the O, production described above is tied to 1 or if it
resulted from the presence of iron in the ink. FeCl; and
Fe"'CI(OEP) (OEP = 2,3,7,8,12,13,17,18-octaethyl-21H,23H-
porphine, Aldrich) were supported on CB and painted onto
carbon paper as described for 1, and the modified GC-Ink-
FeCl; (SI) and GC-Ink- Fe"'CI(OEP) (Figure 3) electrodes
were tested as OER electrocatalytic compositions. Gas analysis
was performed during constant current electrolysis experiments
to determine the products formed. GC and FOXY analyses
indicated that O, was not evolved in either of these two
controls, but CO, was formed. These results reinforce the
conclusions derived above that 1 is electrochemically active in
the GC-Ink-1 electrode and is an effective OER electrocatalyst.

The upper bound of the catalytic activity of 1 can be
estimated in the form of turnovers if it is assumed that 1 is the
electrocatalyst responsible for all of the oxygen produced (as
noted above, about 45% of the current flow can be accounted as
generated O,). Evaluating the turnover frequency (TOF) at SO
min, where the oxygen production is still linear, leads to an
estimate of 0.081 s™'. The slight decrease in the rate past this
point is likely due to dilution by CO, production. The TOF
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achieved here represents a large increase compared to the
experiments with the chemical oxidant.*®

The composition of the headspace in the electrochemical cell
was determined before and after constant current experiments
on the GC-Ink-1 electrode using gas chromatography (see SI).
The peaks were quantitatively fit, and the compositions were
calculated by comparison to calibration gas data (SI). These
GC data corroborate the principal findings obtained from the
FOXY O, probe experiments, specifically that O, is produced
above ambient air compositions during the electrolysis and that
the additional current arose from production of CO,. There are
three possible sources of CO,: oxidation of the organic ligand
of 1, the Nafion binder, or the carbon support material.

X-ray photoelectron spectroscopy (XPS) experiments
probing carbon, oxygen, and iron were performed on the
carbon paper electrodes before and after the OER experiments
(Figure 4). Major differences can be seen in the oxygen and
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Figure 4. XPS data of 1-modified electrodes before (solid blue) and
after (dashed black) electrolysis experiments.

carbon but not the iron spectra. There are two carbon peaks
present in the spectra, with the higher binding energy peak at
~291 eV attributable to carbon atoms near strongly electron-
withdrawing elements as in Nafion. The decrease in the lower
energy peak generally ascribable to CB or the carbon paper
indicates that CB and/or carbon atoms from the carbon paper
were oxidized and released as CO,, while the lack of a change in
the 291 eV peak indicates that Nafion oxidation did not
contribute to CO, formation. The oxygen spectra show a large
increase in intensity after the electrolysis experiments,
suggesting that the release of CO, is a multistep process
involving surface carbon oxidation. The broad XPS peak for
iron at 700—730 eV exhibits a similar appearance in both the
unused and used electrodes, further suggesting that CB and/or
the carbon paper is oxidized during electrocatalysis rather than
the organic framework of the strongly donating macrocycle in
1.

In conclusion, we have demonstrated the use of the TAML
activator 1 as a heterogeneous electrocatalyst for the OER.
While selectivity to O, evolution was found to be limited by
parasitic C oxidation, the high TOF along with evidence from
XPS suggest that the catalyst material is stable despite the
oxidation of the supporting materials. These results suggest that
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the study of immobilized TAML activators in more oxidatively
robust, electrically conducting supports could deliver an
important approach for developing useful OER electrodes.

B ASSOCIATED CONTENT
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CVs of Fe-TAML as a homogeneous electrocatalyst, details of
control experiments, and representative samples of gas
chromatographic data. This material is available free of charge
via the Internet at http://pubs.acs.org.
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