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ABSTRACT: Iron complexes containing tetradentate
monophenolate ligands have been found to be highly
active for the electrocatalytic reduction of protons to
hydrogen gas. Catalysis occurs at —1.17 V vs SCE in
CH,CN with a turnover frequency of up to 1000 s™' and a
660 mV overpotential. Interestingly, the catalyst activity is
enhanced in the presence of water, achieving turnover
frequencies of 3000 s™! with an overpotential of 800 mV,
making it one of the most active iron electrocatalysts
currently reported. The catalyst is also capable of
generating hydrogen from purely aqueous buffer solutions
of pH 3—S$ with Faradaic efficiencies of 98%.
D eveloping systems for artificial photosynthesis (AP) is a
promising method for harnessing solar energy." In general,
systems for AP split water to give oxygen (water oxidation) and
hydrogen (proton reduction). Generating hydrogen gas from
aqueous protons is essential toward developing integrated
systems for AP.' Furthermore, the development of robust
electrocatalysts for proton reduction is a critical step toward
developing a system for total overall water splitting,

Although platinum can be used to reduce protons to hydrogen
gas, the rare nature of this metal limits the widespread application
of platinum in devices for AP. To this end, several cobalt and
nickel complexes have been examined that are active hydrogen-
generation catalysts. Cobalt glyoxime complexes have been
widely studied and can be tuned to operate at low overpotential.”
These complexes have also been used for photocatalytic
hydrogen generation but decompose after hours of irradiation.”
Phosphine complexes of cobalt and nickel also catalyze proton
reduction at low overpotential with turnover frequencies (TOFs)
as high as 10° s7.* In order to improve stability, polypyridyl
ligands have been bound to cobalt and molybdenum to generate
hydrogen from aqueous solutions.® Although cobalt, nickel, and
molybdenum are more abundant than platinum, it is of great
interest to develop catalysts that contain the most abundant
transition metal, iron.

With structural elucidation of iron-only and NiFe hydro-
genases, there has been much effort into synthesizing mimics of
the Fe,(4-SR),(CN),(CO),L, (where L, = H,O/H,) active site
of the enzyme.” Model complexes have been found to
electrocatalytically generate hydrogen with the addition of an
acid in organic solvents at potentials more cathodic than —1.2 'V
vs SCE. Although these bioinspired systems were observed to be
active electrocatalysts, they are far less active than what is
observed for [Fe]H,ase and are catalytic at fairly negative
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potentials.” There are other recent examples of iron catalysts that
are only active in nonaqueous media.”™® Examples of iron
electrocatalysts that operate in aqueous media are more limited
and either are active over a narrow pH range or operate at very
cathodic potentials (less than —1.4 V vs SCE).” Recently, iron
carbonyl clusters have been reported that evolve hydrogen at
—1.25 V vs SCE in aqueous solutions at pH 5 with k., ~ 700
s71.59% Currently, there are no examples of mononuclear iron
electrocatalysts that both are highly active and operate at modest
potentials in aqueous solutions. Herein we report a mononuclear
iron polypyridyl catalyst that is active in aqueous solutions and
achieves TOFs of up to 3000 s at —1.17 V vs SCE.

Tetradentate monophenolate ligands have been used to model
multiple iron-containing enzymes but have not been examined
for the purpose of proton reduction catalysis.'® These complexes
are stable in water, and cyclic voltammograms (CVs) of these
complexes show reversible Fe'"/Fe"" reductions between —0.1
and —0.63 V vs NHE."" The ligands also formed iron complexes
that were both air- and water-stable. Therefore, we reasoned that
these complexes are promising candidates for hydrogen-
generation catalysis.

Ligand synthesis proceeds through a modified literature
procedure to give ligand 1 in good yield (59%)."" The ligand
was deprotonated by triethylamine and coordinated to FeCl; in
methanol. X-ray-quality crystals were obtained through slow
diffusion in dichloromethane/diethyl ether (R1 = 0.0487, P2,/
n). Figure 1 shows the structure of 1 as a distorted octahedral
complex. The O—Fe—N and N—Fe—Cl bond angles of 162.08°,
167.23°, and 166.99° delineate from the expected values of 180°
for an octahedral coordination sphere. The Fe—O bond of 1.896
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Figure 1. Left: Tetradentate monophenolate ligand (1). Right: Iron
catalyst (2). Color code: iron, orange; oxygen, red; chlorine, green;
nitrogen, blue; carbon, black. Hydrogen atoms have been omitted for

clarity.
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A is shorter than other reported iron(III) phenolate bonds
reported in the literature."”

CVs of the catalyst were obtained upon the addition of known
concentrations of trifluoroacetic acid (TFA) in acetonitrile
(Figure 2). Upon the addition of acid, an irreversible reduction
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Figure 2. CVs of 0.5 mM 2 in CH;CN with 0.1 M TBAPF (black) upon
the addition of 2.2 mM TFA (red), 4.4 mM TFA (orange), 6.6 mM TFA
(dark blue), 8.8 mM TFA (green), and 11.0 mM TFA (light blue) at a
scan rate of 200 mV s~ with a glassy carbon working electrode.

event is observed at —1.17 V vs SCE, suggesting that catalysis
occurs with a 660 mV overpotential in CH;CN. When more acid
is added, a larger current enhancement is observed.

The linear relationship between i, and [TFA] suggests a
second-order dependence on the proton concentration (see the
Supporting Information, SI). Decomposition of the catalyst
occurs at a high acid concentration, leading to deviation from
linearity at these concentrations. The catalyst is highly active for
an iron complex with i/i, = 7.8 in CH;CN (see Figure S1 in the
SI). This corresponds to a TOF of 1000 s~'. This compares
favorably with fluorinated iron oxime complexes that also
produce i./i, = 8 in organic media.””

Although the catalyst is highly active in an organic solution, our
goal is to develop a catalyst that can reduce protons in aqueous
solutions. To this end, the CVs of the catalyst in 1:1 CH;CN/
H,O solutions upon the addition of TFA were obtained. Similar
to the experiments in CH;CN, a catalytic wave is observed at a
potential more cathodic than the Fe'"/Fe' reduction (Figure 3),

500

N w FN
o o o
o o o

Current Density (uA cm?)
=)
o

0 e

/

-0.2

-0.4 -0.6 -0.8 -1

Potential (V vs. SCE)

-1.2 -1.4

Figure 3. CVs of 0.5 mM 2 in 1:1 CH;CN/H,O (black) with 0.1 M
TBAPF, upon the addition of 2.2 mM TFA (red), 44 mM TFA
(orange), 6.6 mM TFA (blue), 8.8 mM TFA (green), 11.0 mM TFA
(light blue), and 13.2 mM TFA (purple) at a scan rate of 200 mV s~
with a glassy carbon working electrode.
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corresponding to an overpotential of 800 mV for the catalyst in
this solvent mixture. A linear relationship between [TFA] and i,
is also observed in the acetonitrile/water solution, indicating a
second-order relationship with the proton concentration, as seen
in the purely organic solvent. At high acid concentration ([TFA]
> 30 mM), catalyst decomposition is observed, resulting in a
nonlinear i_ versus [TFA] relationship. Interestingly, the catalyst
is much more active in the presence of water. In these solvent
conditions, an i/ i,=11.9is observed, corresponding to a TOF of
3000 s~" (see Figure S1S in the SI). The TOFs were calculated
using the following expression:*

RTk,,
Fuv

It is important to note that a scan rate of 10 V s~
obtain values for the TOF. At scan rates greater than 10 Vs™', no
increase in i, was observed (Figure $S24 in the SI). This suggests
that at v = 10 V s7' the catalytic process is not diffusion-
controlled and eq 1 can be used to calculate the TOF.* Although
eq 1 accurately represents simple pseudo-first-order systems, it is
also used to determine TOFs for more complicated systems in
order to provide a point of comparison for different
catalysts. *>>%

Upon the addition of TFA, a large current enhancement is
observed at a potential that is more negative than that of the
reversible redox couple for Fe**/Fe®". It must also be noted that
the Fe**/Fe®* redox couple shifts to a more positive potential
(0.1 V vs SCE; see Figure S6 in the SI) once acid is added. This
suggests that the oxygen of the phenolate is likely protonated
followed by the reduction of Fe™ to Fe" and subsequent
reduction and protonation events. This would suggest that
catalysis proceeds through either CEEC or a CECE mechanism.
When [TFA] is held constant and the catalyst concentration is
varied, a linear relationship between [catalyst] on i_ is observed
(Figure 4). This corresponds to a first-order dependence on [2].
Therefore, the overall rate expression can be written as rate =
k[2][H*]%

In aqueous solutions, the electrochemical data display
irreversible reduction waves at potentials that are more cathodic
than the Fe®*/Fe’* couple. The potentials of the waves shift
based on the pH, showing a cathodic shift of 60 mV per 1.0
increase in the pH unit (Figure S).
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Figure 4. CVs in CH;CN with 0.1 M TBAPF, containing 44 mM TFA
with 0.2 mM (green), 0.3 mM (blue), 0.4 mM (orange), and 0.5 mM
(red) of 2 at a scan rate of 200 mV s™' with a glassy carbon working
electrode.
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Figure 5. CVs of 0.5 mM 2 in citrate-buffered aqueous solutions at pH
3.0 (light blue), 4.0 (green), 5.0 (blue), 6.0 (orange), 7.0 (red), and 8.0
(black) at a scan rate of 200 mV s™' with a glassy carbon working
electrode.

While the CVs obtained in an aqueous buffer help to reinforce
the proposed mechanism, it is also of interest to test the catalyst
for activity in a purely aqueous solution. Bulk electrolysis was
performed at —1.2 V (vs SCE) to confirm that these reduction
events correspond to electrocatalytic hydrogen generation. The
potential was held at —1.2 V to correspond to the reduction wave
observed in the CV of the complex in a buffer solution. In a
typical experiment, the working electrode is held at a constant
potential and the current is monitored over time. Gas
chromatography was used to determine the evolution of
hydrogen, and Faradaic efficiencies of 98% were observed for
pH 3-S5 (see the SI).

An iron complex containing a tetradentate monophenolate
ligand has been found to be highly active for the electrocatalytic
reduction of protons to hydrogen gas. Catalysis occurs at —1.17
V vs SCE in CH,CN with a TOF up to 1000 s™' and an
overpotential of 660 mV. In the presence of water, the catalyst is
stable and highly active with an i /i, of 11.9 and an overpotential
of 800 mV, making it one of the most active iron electrocatalysts
reported to date (TOF = 3000 s™'). The catalysis is first-order
with respect to [catalyst] and second-order with respect to
[acid]. The catalyst is also active in purely aqueous solutions.
Bulk electrolysis shows that 2 is capable of generating hydrogen
from purely aqueous buffer solutions of pH 3—5 with Faradaic
efficiencies of 98%.
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