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ABSTRACT: We report an iron-based graphite-conjugated electrocatalyst (GCC-
FeDIM) that combines the well-defined nature of homogeneous molecular
electrocatalysts with the robustness of a heterogeneous electrode. A suite of
spectroscopic methods, supported by the results of DFT calculations, reveals that
the electrode surface is functionalized by high spin (S = 5/2) Fe(III) ions in an
FeN4Cl2 coordination environment. The chloride ions are hydrolyzed in aqueous
solution, with the resulting cyclic voltammogram revealing a Gaussian-shaped wave
assigned to 1H+/1e‑ reduction of surface Fe(III)−OH surface. A catalytic wave is
observed in the presence of NO3

−, with an onset potential of −1.1 V vs SCE. At pH
6.0, GCC-FeDIM rapidly reduces NO3

− to ammonium and nitrite with 88 and 6%
Faradaic efficiency, respectively. Mechanistic studies, including in situ X-ray absorption spectroscopy, suggest that electrocatalytic
NO3

− reduction involves an iron nitrosyl intermediate. The Fe−N bond length (1.65 Å) is similar to that observed in {Fe(NO)}6
complexes, which is supported by the results of DFT calculations.

■ INTRODUCTION
Since the introduction of the industrial Haber−Bosch process
in 1913, humans have doubled the annual rate of nitrogen
entering the planet’s nitrogen cycle, with anthropological
sources now dominating the production of bioavailable
nitrogen.1,2 While this nitrogen is critical for feeding the
planet, primarily in the form of NH3-based fertilizer, these
massive influxes have led to deleterious environmental
consequences.3,4 It is estimated that only 17% of the 135
million tons of annual agricultural nitrogen is retained as
vegetable and meat protein.2 Most significantly, soil organisms
convert almost half of the applied NH3 fertilizer to highly
soluble nitrate, whose runoff into waterways leads to large-scale
pollution of ecosystems (the “Nitrogen Cascade”), altering
their function and the living communities they support.5−7

Nitrate runoff also contaminates aquifers and, consequently,
drinking water�with potentially serious threats to human
health.8

Since biological denitrification processes are overwhelmed
by anthropogenic nitrate, there is an opportunity to develop
new methods for recycling nitrate by converting it to useful or
benign compounds. Indeed, the 2017 United Nations World
Wastewater Report has recognized agricultural wastewater as
an untapped resource for useful organic chemicals.9 Due to the
enormous energy demands of global NH3 production, efficient
methods of nitrogen recycling are likely to have significant
energy consequences.
Electrocatalytic methods for nitrate reduction represent one

strategy for addressing these issues. Nitrate reduction is a

multielectron, multiproton process. Although thermodynami-
cally favorable, there are unique challenges associated with the
reduction of nitrate in aqueous solution. Nitrate is a weakly
binding and kinetically inert species that has complex redox
chemistry because (1) the low charge density and delocalized
electronic structure significantly attenuate its nucleophilicity
and electrophilicity, making it a poor catalyst substrate,
particularly in comparison with other ions commonly found
in aqueous solutions;10 (2) its negative charge introduces a
kinetic barrier to reduction; and (3) the relative stability of
many nitrogen oxidation states means that multiple reduction
products are possible, some of which have very similar
reduction potentials.11 Consequently, there are few examples
of selective and efficient electrocatalysts for the reduction of
aqueous nitrate.12−16

Aqueous nitrate can be electrochemically reduced on
heterogeneous metal or alloy electrodes, typically with large
overpotentials and with low product selectivity.17,18 Here, the
catalytic activity and selectivity are often strongly dependent
on the electrolyte composition and pH, with little opportunity
for tuning catalyst performance. While recent work has
highlighted potential advantages for certain alloys,19 composite
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materials,20,21 nanomaterials,19 and “single-atom” catalysts,22

the structural diversity of these catalysts, coupled with the lack
of mechanistic insight, makes the rational improvement of
performance difficult.
By contrast, the tunability of molecular electrocatalysts

makes them well-suited for developing structure/function
relationships that allow for tailored catalyst performance. For
example, systematic studies into electrocatalytic nitrate
reduction by cobalt-containing macrocycles have provided
insight into important catalyst design features.10,12,23 These
complexes reduce aqueous nitrate to hydroxylamine and/or
ammonia, with the catalytic performance dictated by macro-
cycle redox non-innocence, flexibility, and the presence of
proton shuttles.
Homogeneous electrocatalysts require sequential electron

transfer and substrate activation steps for substrate reduc-
tion.24,25 Therefore, the driving force for substrate conversion
is determined by the redox properties of the catalyst. For
example, the large overpotential required for nitrate reduction
by [Co(cyclam)Cl2]+ stems from the highly cathodic potential
that is required to access the Co(I) state.12 On the other hand,
heterogeneous electrocatalysts have strong electronic coupling
throughout the electrode band structure, allowing for
concerted electron transfer and substrate activation, which in
turn allows for high substrate turnover.25

In principle, heterogenization of molecular electrocatalysts
allows for the creation of materials that feature tunable
molecular sites that are strongly coupled to the electrode band
structure. A number of strategies for attaching molecular sites
to electrodes have been reported, including noncovalent
immobilization of the catalyst on an electrode surface, grafted
functionalized aryl radicals on a carbon surface, and covalent
attachment of molecules to electrodes through an ethynyl
linkage.26−29 However, the weak physisorption/electrostatic
interaction or strong covalent interactions associated with
these strategies lead to poor coupling between electrode and
attached fragment.25,30

Recently, the Surendranath group introduced a new strategy
for immobilizing catalysts on an electrode surface. The native
surface features of an oxidized glassy carbon electrode are used
to construct pyrazine units that are integrated into the
conjugated graphite surface.31 This strategy can be manipu-
lated to conjugate transition-metal-based macrocyclic electro-
catalysts. We recently adapted this strategy to the creation of a
graphite-conjugated catalyst, GCC-CoDIM, in which the
macrocycle is integrated into the graphite electrode.32 The
heterogeneous graphite-conjugated cobalt catalyst reduces
aqueous nitrite to ammonium at >99% Faradaic efficiency
and with a fast rate (TOF = 19.9 s−1).32 Despite this excellent

Scheme 1. Synthesis of GCC-FeDIM

Figure 1. (a) High-resolution Fe 2p XPS spectrum of GCC-FeDIM (glassy carbon). The measured signal is in black, the overall fit manifold is in
blue, and the fit peaks are in magenta and cyan; (b) High-resolution N 1s XPS spectrum of freshly prepared GCC-FeDIM. The measured signal is
in black, the fit peaks are in green, blue, and purple, and the overall fit manifold is in blue. The proposed structures of GCC-FeDIM and protonated
amine sites on the surface are also shown.
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catalytic performance, GCC-CoDIM is not active for the
electrocatalytic reduction of aqueous nitrate.
In contrast to the synthesis of many macrocycle complexes,

GCC-CoDIM is assembled in two discrete steps, i.e., the
macrocycle is assembled at the electrode prior to metalation by
cobalt. The discrete cyclization and metalation steps provide a
pathway for other metals to be similarly conjugated to the
electrode. In this work, we report on the synthesis and
characterization of the iron-containing congener, GCC-
FeDIM. This electrode is highly active for the reduction of
aqueous nitrate, producing ammonium as the major product
with high Faradaic efficiency (88%). Mechanistic investiga-
tions, including electrochemical, in situ X-ray absorption, and
computational methods, provide evidence that an iron nitrosyl
is formed as a key intermediate in the electrocatalytic reduction
of nitrate by GCC-FeDIM.

■ RESULTS AND DISCUSSION
Synthesis and Characterization of GCC-FeDIM. The

graphite-conjugated macrocycle catalyst GCC-FeDIM was
synthesized similarly to the previously reported GCC-Co-
(DIM) catalyst.32 Specifically, anodically-treated carbon
electrodes are treated with 1,2-bis(3-aminopropylamino)-
ethane under acidic conditions, followed by metalation with
methanolic Fe(III) (Scheme 1). Nonmacrocyclic imine and/or
physisorbed species are removed by a washing procedure,
which is followed by a cathodic cleaning step to remove
adsorbed chloride.
X-ray photoelectron spectroscopy (XPS) of GCC-FeDIM

on a glassy carbon electrode shows the presence of Fe and N in
an approximately 1:4 ratio. These elements are not observed in
the XPS of unmodified or oxidized electrodes (Figures S35 and
S36). High-resolution XPS spectra exhibit peaks corresponding
to Fe 2p and N 1s. The Fe 2p spectrum displays 2p3/2 and
2p1/2 peaks at 711.3 and 725.1 eV, respectively, and their
corresponding satellites at 718.9 and 730.9 eV (Figure 1a).
These binding energies are consistent with Fe(III).33 The N 1s
spectrum shows three peaks at 399.3, 400.1, and 400.9 eV,
corresponding to imine, amine, and protonated amine,
respectively (Figure 1b).32,34 The low chloride content
observed by XPS suggests that the chloride ligands are labile,
similar to our observations for GCC-CoDIM.32 In support of
this hypothesis, the XPS of a GCC-FeDIM electrode that was
not subjected to the cathodic cleaning step but was instead
soaked in 1 M NaOTf solution similarly reveals low chloride
content. The results of DFT calculations performed for a
model system also support this ligand lability. With the carbon
electrode truncated to a phenylenediimine moiety (Figure
S48), chloride ligand substitution at iron is calculated to be
thermodynamically favorable (Figure S49).
Fe K-edge X-ray absorption spectroscopy (XAS) was used to

study the oxidation state and coordination environment of the
Fe center in FeDIM-modified Grafoil (flexible graphite). The
pre-edge feature at 7713.4 eV and edge position at 7132.9 eV
in the Fe K-edge X-ray absorption near edge spectrum
(XANES) correspond to an Fe(III) center in an octahedral
environment (Figure 2).35

A fit to the extended X-ray absorption fine structure
(EXAFS) spectrum of GCC-FeDIM shows excellent agree-
ment with the proposed chemical environment of the iron
center in the conjugated electrode (Table S1 and Figure S31).
Here, EXAFS fits indicate four N and two Cl atoms in the first
shell, which is a perfect match with the proposed coordination

environment of the iron center (Table S1 and Figure S31a,b).
The bond distances between Fe−N and Fe−Cl are 2.10 and
2.22 Å, respectively. Although the analogous molecular
complex [Fe(DIM)Cl2]+ is not known, these distances are in
good agreement with those observed for high-spin iron(III)
polyazamacrocycle complexes.36−38 Together, the XPS and
XAS data are consistent with the conjugation of molecular
[Fe(DIM)Cl2]+ to the graphite electrode surface. Similarly,
GCC-FeDIM conjugation to high-surface area Monarch
carbon black powder is supported by Fe K-edge XAS spectra
(Figure 2, Table S2, and Figure S31c,d).
Additional spectroscopic methods support the XPS and XAS

structural assignments. A signal at g ≈ 4.32 in the solid-state X-
band EPR spectrum of GCC-FeDIM (10 K, Monarch powder)
is consistent with high spin (S = 5/2) Fe(III) (Figure S29). At
80 K, the zero field 57Fe Mössbauer spectrum of 57Fe-enriched
GCC-FeDIM on Monarch carbon black powder can be fit by
two quadrupole doublets, with no evidence for metallic iron
(Figure S43). The spectral parameters for the major (δ = 0.52
mm s−1, ΔEQ = 0.76 mm s−1) and minor subspectra (δ = 0.61
mm s−1, ΔEQ = 1.76 mm s−1) are consistent with high spin (S
= 5/2) Fe(III).39,40 The relative areas of the two subspectra are
the same at 80 and 200 K, which rules out a temperature-
dependent spin state change. Since chloride ligand exchange is
observed (see above), we have tentatively assigned the two
subspectra to be from [FeDIM)Cl2] and [FeDIM)Cl(OH)]
sites that are conjugated to the electrode surface. These
assignments are supported by DFT calculations for a model
complex (Figure S48 and Table S6).

Electrochemical Properties of GCC-FeDIM. The cyclic
voltammogram (CV) of GCC-FeDIM in aqueous solution
reveals a broad Gaussian-shaped wave (E1/2 = −0.22 V vs.
SCE) (Figure 3a), whose peak current shows a linear
dependence on the scan rate, indicative of a surface-based
redox process (Figure S2). The process is reversible, with a
small peak-to-peak separation (62 mV) that further supports
the redox behavior being surface-based. Importantly, the CVs
of independently prepared GCC-FeDIM electrodes are
identical (Figure S5) and differ from that for an oxidized
glassy carbon electrode (Figure S6). Integration of this redox
wave allows the surface coverage of GCC-FeDIM to be
determined (Figure S3). Considering the wave as resulting
from a single electron transfer process provides a surface
coverage of 0.51 nmol cm−2, which is comparable to that for
the recently reported GCC-CoDIM electrode.32 It is notable
that the potential of this wave is pH-dependent, with
increasing pH leading to a cathodic shift of the potential.

Figure 2. Fe K-edge XANES of freshly prepared FeDIM-modified
Grafoil (flexible graphite) electrode and Fe-DIM modified Monarch
carbon powder compared with FeO and Fe2O3 (hematite) reference
compounds.
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The resulting plot of E1/2 vs. pH is linear with a slope of 53
mV/dec (Figure S21), suggesting a proton-coupled electron
transfer to afford an aqua ligand.41 This hypothesis is
supported by the results of DFT calculations for the model
system (Figure S50 and Table S10). At pH 6, only one
pathway with a potential similar to that observed exper-
imentally can be identified, where proton transfer is coupled to
reduction of the supporting ligand, L:

[ ] + + [ ]
=

+ + +

E

Fe (L)Cl(OH) H e Fe (L )Cl(H O)

0.17 V vs. SCE

III III
2

In contrast to GCC-CoDIM, GCC-FeDIM is highly active
toward the reduction of aqueous nitrate. With 0.5 M Na2SO4
electrolyte, the cyclic voltammogram of GCC-FeDIM exhibits
a large catalytic current in the presence of 0.2 M NaNO3, (with
onset) ca. −1.16 V vs. SCE (Figure 3b, red; see also Figure S7).
No catalytic current is observed in the absence of NaNO3
(Figure 3b, black).
As expected for an electrocatalytic process, increasing the

nitrate concentration results in increased catalytic current
(Figure 4a). This also indicates that the current enhancement
is due to nitrate reduction, not the competitive hydrogen
evolution reaction. It is notable that the current enhancement
is only observed at slow scan rates (≤100 mV/s), similar to
electrocatalytic nitrate reduction by a related molecular
electrocatalyst.12 Nitrate reduction is observed over a wide
pH range, with GCC-FeDIM showing highest catalytic activity
at pH = 5. The catalyst is poorly active below pH = 3 and
above pH = 12 (Figure 4b).
The electroreduction products were determined following 2

h of controlled potential electrolysis (CPE) at −1.31 V vs. SCE

(Figure S22). Ammonia was determined to be the major
electroreduction product with 88% Faradaic efficiency via the
indophenol test,42 with no evidence for the formation of
NH2OH. Nitrite was determined to be a minor electro-
reduction product and formed with 6% Faradaic efficiency as
determined by ion chromatography. A similar CPE of NO2

− at
−1.31 V vs. SCE for 2 h provided ammonia with quantitative
(>99%) Faradaic efficiency, suggesting that free nitrite is
formed as an intermediate in the electrocatalytic reduction of
nitrate by GCC-FeDIM (Figure S23). It is also notable that
GCC-FeDIM selectively reduces nitrate with almost no
hydrogen evolution (the Faradaic efficiency for H2 is 0.17%;
Figure S27).
These results allowed the turnover frequency for ammonia

formation by GCC-FeDIM to be determined, TOF = 5.2 s−1.
Thus, GCC-FeDIM is one to two orders of magnitude faster
than two recently reported iron-based single atom catalysts,
which operate under similar conditions (TOF = 0.46 and
0.0138 s−1).22,43

Several control experiments were conducted to rule out the
formation of adsorbed or electrodeposited iron that is leached
from GCC-FeDIM. Zero-valent iron is known to reduce
aqueous nitrate.44 Here, it is worth noting that the glassy
carbon electrode will reduce nitrate to nitrite, as we have
previously reported (Figure S8);45 however, the onset
potential for the bare electrode is 100 mV more anodic than
for GCC-FeDIM. This electroreduction activity can be
restored by polishing the GCC-FeDIM electrode (Figures
S11 and S15).
While we do observe a catalytic current when iron is

electrodeposited at the oxidized electrode in the presence of
nitrate,46 the onset potential for catalysis is shifted anodically

Figure 3. (a) Cyclic voltammogram of GCC-FeDIM (glassy carbon) in 0.5 M Na2SO4, pH 6.0, scan rate 100 mV/s; (b) cyclic voltammograms of
GCC-FeDIM (glassy carbon) recorded in 0.5 M Na2SO4 solution (black), with 0.2 M NaNO3 (red), scan rate 5 mV/s, pH 6.0.

Figure 4. (a) Cyclic voltammograms of GCC-FeDIM (glassy carbon) recorded in 0.5 M Na2SO4 with different NaNO3 concentrations, scan rate =
5 mV/s; (b) cyclic voltammograms of GCC-FeDIM (glassy carbon) recorded in 0.5 M Na2SO4 at different pH with 0.2 M NaNO3, scan rate = 5
mV/s.
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by 200 mV from that observed for GCC-FeDIM (Figure S9).
Moreover, the waveform under these conditions differs
considerably from that for GCC-FeDIM. Together, this
suggests that metallic iron is not formed in the CV experiments
involving GCC-FeDIM. This conclusion is also supported by
the results of XAS and XPS experiments, which do not reveal
the formation of metallic iron (see below).
Moreover, CPE experiments reveal that electrodeposited

iron is a poor catalyst for nitrate reduction. Electrocatalysis at
−1.31 V vs. SCE (the same potential that was used for GCC-
FeDIM) for 2 h provides ammonium with only 39% Faradaic
efficiency (Figure S14). Moreover, considerable gas evolution
is observed under these conditions. Importantly, the CV for
GCC-FeDIM after 2 h of CPE reveals that there is no shift in
the onset potential for electrocatalysis (Figure S24). Together,
these results are most consistent with GCC-FeDIM being the
catalyst for electrochemical nitrate reduction.
Mechanistic Investigations. A number of iron-based

heterogeneous electrocatalysts for nitrate reduction are known;
however, mechanistic insight is limited to the results of
computational investigations, where iron nitrosyl intermediates
are proposed as reaction intermediates.22,43,47,48 The reactivity
of homogeneous complexes can provide insight into the
reaction mechanisms of heterogeneous catalysts. While a small
number of iron complexes have been reported to stoichio-
metrically reduce nitrate, it is notable that a variety of iron-
containing products are observed, including oxo,49,50 nitrosyl,51

and dinitrosyl52,53 complexes. Since these observations suggest
that multiple reaction pathways are possible, we undertook a
series of electrochemical in situ spectroscopic and DFT

investigations to probe for reaction intermediates in the
electrocatalytic reduction of nitrate by GCC-FeDIM.

In Situ XAS Investigation. Iron K-edge in situ XAS was used
to observe chemical transformations of the catalyst immobi-
lized on GCC-FeDIM Grafoil electrodes during the electro-
catalytic reduction with and without NO3

− substrate (Figures 5
and 6). In situ XANES measurements at different applied
potentials (i.e., −0.61, −1.01, and −1.31 V vs. SCE reference
electrode) indicated a gradual Fe K-edge shift to that of Fe(II)
(Figure 5a).
While intermediate applied potentials (−0.61 and −1.01 V

vs. SCE) do not change the structure of the catalyst,
application of −1.31 vs. SCE results in gradual modification
of the catalyst structure. At −1.31 V vs. SCE, new peaks can be
observed in the in situ EXAFS (Figure 5b). Two new peaks are
attributed to the formation of a small percentage of Fe metal
centers, possibly in the form of Fe nanoparticles with the Fe−
Fe distances close to metallic iron at ∼2.5 and ∼3.9 Å. An
additional strong peak around ∼3.2 Å can be assigned to
Fe(II) mono-μ-oxo bridges, the formation of which likely
precedes the conversion of the single Fe centers into the Fe
metallic phase. Catalyst transformation is particularly prom-
inent in the absence of NO3

− substrate. EXAFS fits confirm the
above tentative assignment of the new peaks (Table S3 and
Figure S32). EXAFS fits are in agreement with XANES
analysis, which indicates ∼1.5% content of Fe metal nano-
particles.
The presence of NO3

− substrate (20 mM NaNO3) does not
change the reductive progression in the XANES spectra. In situ
Fe XANES is similar with and without the substrate,

Figure 5. In situ Fe K-edge (a) XANES of initial GCC-FeDIM modified Grafoil electrode initial (black) and the same electrode measured at −0.61
V (green), −1.01 V (red), and −1.31 V (blue) vs. SCE in 0.5 M Na2SO4 electrolyte; (b) EXAFS of GCC-FeDIM Grafoil electrodes at −0.61 V
(blue), −1.01 V (red) and −1.31 V (green) vs. SCE applied potentials in 0.5 M Na2SO4 electrolyte. Significant EXAFS modification only occurs at
−1.31 V vs. SCE and indicates new Fe−Fe and Fe−O−Fe interactions.

Figure 6. Comparison of XANES (a) and EXAFS (b) for GCC-FeDIM Grafoil with (green) and without 20 mM NaNO3 (red) after 3 h of CPE at
−1.31 V vs. SCE. Blue in (a) is GCC-FeDIM initial before catalysis.
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corresponding to the Fe(II) state after ∼2 h at −1.31 V vs.
SCE. The presence of substrate slows the rate of catalyst
conversion to new forms at −1.31 V vs. SCE. Other than the
different content of peaks assigned to Fe−Fe and Fe−O−Fe
interactions of the modified electrode, the main effect of the
substrate is the shift of the first EXAFS peak (Fe−N
interaction) to a shorter distance (Figure 6). This is clearly
visible in the Fourier transform spectra and detected in the
EXAFS fits (Table S4 and Figure S33). It is impossible to fit
the first peak satisfactorily unless the short Fe−N distance is
included.
The short Fe−N distance (∼1.65 Å) is consistent with that

observed in {Fe(NO)}6 complexes, suggesting that electro-
catalytic nitrate reduction involves the formation of an iron
nitrosyl intermediate.54−56 This hypothesis is supported by
previous work, which has demonstrated that iron nitrosyl
complexes (e.g., [Fe(NO)(TPPS)]3−) can be prepared via the
proton-coupled reduction of aqueous nitrite.57 Other inter-
mediates with short Fe−N bonds, including Fe�N and Fe�
N−H, are less likely. For instance, the Fe−N distance
determined by EXAFS (∼1.65 Å) is longer than observed
molecular iron nitride complexes, where Fe�N < 1.6 Å.
Although no structurally characterized Fe�N�H complexes
are known, similar Fe−N bond distances have been observed
for some Fe(IV) and Fe(V) alkyl and tosylimido complexes;
however, these high oxidation states are unlikely to be stable
under the reducing electrocatalysis conditions. In addition,
while certain low valent alkyl and aryl imido complexes also
have a similar Fe−N bond length, the iron center has a low
coordination number (≤4) in these complexes (see Tables S7
and S8 for details).
Further evidence for the formation of a nitrosyl ligand comes

from XPS. Here, a new peak at 402.8 eV is observed in the
high-resolution N 1s spectrum recorded immediately after
CPE at −1.31 V vs. SCE in the presence of 20 mM NaNO3
(Figure S38). This binding energy is similar to that reported
for other iron nitrosyl complexes.58,59 In addition, the high-
resolution O 1s spectrum shows a peak at 530.8 eV, which is
also consistent with that observed for iron nitrosyl complexes
(Figure S39). The high-resolution Fe 2p spectrum indicates
the presence of both Fe(II) and Fe(III), with no evidence for
metallic iron (Figure S41).
These conclusions are supported by the results of DFT

calculations for the model system, where the computed bond
metrics for the iron nitrosyl {FeNO}6 are most consistent with
the experimental data (see Tables S11 and S12). Both five-
coordinate and six-coordinate complexes were considered as
the candidates, and a low-spin six-coordinate complex with the
OH− trans to the nitrosyl showed the best match between the
experimentally determined (1.65 Å) and the calculated (1.64
Å) FeN bond length. The complex corresponds to a low-spin
Fe(II) species, with two of the doubly occupied t2g orbitals of
Fe showing significant back-bonding interactions with the π*
orbitals of the nitrosyl ligand (see Figure S54).
Interestingly, ex situ XAS data from a “spent” GCC-FeDIM

electrode (dried after 3 h at −1.31 V vs. SCE applied potential
in 0.5 M Na2SO4 and 20 mM NaNO3) shows only the Fe(III)
oxidation state (Figure S34). Thus, the catalytically active
Fe(II) state can only be observed in situ, and all Fe centers are
reoxidized to Fe(III) upon termination of electrolysis. A small
modification in the pre-edge intensity of the “spent” GCC-
FeDIM electrode can be accounted for by adding ∼1.5% of the
Fe metal spectrum to the initial pristine GCC-FeDIM

electrode spectrum (Figure S34). Similar modification of the
pre-edge is visible in the in situ data as well. This, in addition,
confirms the presence of Fe metal as a result of the
electrochemical transformations; however, the content of
modified Fe centers is very small. Formation of metallic Fe
on the Grafoil surface implies that the deactivation pathway of
the GCC-FeDIM catalyst includes Fe(II) demetallation and
possible further binding to available Fe centers with the
formation of Fe−O−Fe species, which can be further reduced
to metallic iron.

■ CONCLUSIONS
Spectroscopic characterization of the readily assembled
graphite-conjugated macrocycle catalyst, GCC-FeDIM, reveals
that the surface of the graphite electrode is decorated with high
spin (S = 5/2) Fe(III) sites in an FeN4Cl2 coordination
environment. The chloride ligands are hydrolyzed in aqueous
solution, with proton-coupled electron transfer affording
Fe(II)-OH2 sites on reduction, as supported by the results of
DFT calculations. Electrocatalytic experiments show that
GCC-FeDIM is among the fastest known electrocatalysts for
the reduction of aqueous NO3

−, producing ammonium with
high Faradaic efficiency. More importantly, the well-defined
nature of the iron centers in GCC-FeDIM allows for the
spectroscopic characterization of a catalytic intermediate,
which is proposed to be an iron nitrosyl from experimental
and computational mechanistic studies. To the best of our
knowledge, this is the first observation of an intermediate in
the reduction of nitrate by a heterogeneous electrocatalyst.
Based on the foregoing results, we expect that the highly

tunable molecular environment exemplified by GCC-FeDIM
will allow structure/function relationships in heterogeneous
nitrate reduction electrocatalysis to be established. Moreover,
we anticipate that the system will provide a platform for similar
insight into the mechanisms of other heterogeneous electro-
catalysts.
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