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ABSTRACT: The cobalt complex, [Co(CR)Br,]*, where CR is the redox-active macrocycle 2,12- NO, NH,*
dimethyl-3,7,11,17-tetraazabicyclo-[11.3.1]-heptadeca-1(17),2,11,13,15-pentaene, has been inves- \/
tigated for the electrocatalytic reduction of aqueous NO,™ and NO;™. At neutral pH, the bromide Br

ligands are hydrolyzed, providing [Co(CR)(OH,)(OH)]*" as the major species in aqueous = _|:N ¥
solution. In the presence of nitrite, [Co(CR)(NO,),]" is formed as the major species in solution Fh=ci

and is a precursor to the electrocatalytic reduction of NO,~, which is selectively converted to N ! vl
ammonium with high Faradaic efficiency. There is evidence for both homogeneous and Br
heterogeneous electrocatalysis. Although similar NO;~ binding is not observed, electrocatalytic

reduction to ammonium also occurs, albeit with a lower Faradaic efficiency. In this case, NO,™ is

generated as an intermediate product of NO;™ reduction.

B INTRODUCTION NH,OH."" While these examples hint at a flexibility in design

strategies, the structural diversity of these catalysts makes it

The large-scale accumulation of nitrogen oxyanions (NO,”) in
difficult to elucidate features that are beneficial for NO,~

the environment is a consequence of the Haber—Bosch

process, which generates huge quantities of ammonia from reduction.

atmospheric nitrogen.1 ‘While Haber—Bosch ammonia fertilizer Focusing on structurally related complexes, particularly
is critical to supporting the growing population, of the 135 those that feature the same metal center, is expected to
million tons of agricultural nitrogen that is 1ntr0duced into the provide insight into the design features required for the
ecosystem, only 17% is consumed as protein.” Microbes electrocatalytic reduction of aqueous NO, . For example,
convert much of the ammonia that is not absorbed by plants to [Co(cyclam)ClL,]* reduces basic NO;~ and NO,™ to NH; and
NO,”, most notably nitrates (NO,) and nitrites (NO,").’ NH,OH, "> while trans-[Co(DIM)Br,]* (DIM = 2,3-dimethyl-
Environmental accumulation of water-soluble NO,” spurs 1,4,8,11—tetraazacyclotetradeca—1,3—diene) selectively reduces
eutrophication w1th the resulting algal blooms leadlng to both NO;~ and NO,~ to NH, only (Figure 1).1314

hypoxic regions.”” In addition, the ingested NO,” can lead to The catalytic activity of these cobalt complexes can be

serious health complications such as ovarlan and bladder

cancers, as well as non-Hodgkin’s lymphoma.®
Electrochemical NO,” reduction represents a possible

strategy for converting anthropological NO,” to benign or

related to the properties provided by the supporting macro-
cycle. Both catalysts are supported by a flexible macrocycle,

+ +
useful compounds. Since NO,~ reduction is a multielectron, H K\ | H K\\ ]
multiproton process (e.g, NO;~ to NH; requires eight \,/ \E?;N
electrons and nine protons), electrocatalysis is a promising [ j [ I

. . /0N /A\ bz
tool for eflicient conversion. Molecular electrocatalysts are N CIN
particularly attractive in this regard since their redox properties H K) H H

can be modified through ligand design, allowing for tunable
electrochemistry, control over reactant and product selectiv-
ities, and the opportunity for detailed mechanistic mSight‘7 Figure 1. Cobalt macrocycle complexes for electrocatalytic NO,~
Many homogeneous complexes have been shown to reduction.
electrocatalytically reduce aqueous NO;~ or NO,™ to lower
oxidation state compounds such as NH,OH and NHj;. For - =
example, trans-[Cr(cyclam)Cl]* reduces NO;~ to NO,, Rece_we‘l: January 19, 2022 Inolgam(h Py
although act1v1ty is only observed at a mercury pool working Published: June 6, 2022
electrode.”” By contrast, [Co(2-TMPyP)] (2-TMPyP =
tetrakis(N-methyl-2-pyridyl)porphine) reduces NO,™ to NH,
and NH,OH but only in acidic media,"® while the macrocyclic
[Fe(NH,)CL,]" catalyst efficiently reduces NO,” to

cyclam DIM
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which can modify its binding mode to accommodate for NO;~
and NO,™ as either mono- or bidentate ligands. The redox
noninnocence of the DIM ligand allows reducing equivalents
to be stored throughout these complexes, in contrast to the
redox innocent cyclam ligand. Indeed, [Co(DIM)Br,]" reduces
NO;™ at —0.90 Vg, whereas [Co(cyclam)Br,]* has an onset
potential of —1.30 Vgcg."”

Together, these studies suggest a list of ligand design criteria
for a molecular electrocatalyst that is active toward NO;~ and
NO,” reduction. As exemplified by [Co(DIM)Br,]* (Figure

2),""* a macrocycle that provides a combination of redox
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O\,\ O Redoxeactive NOERN
r /\ moiety // \ O
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Figure 2. Comparing [Co(DIM)]** (left) to [Co(CR)]*" (right).
[Co(DIM)]3* is known to exhibit both of the criteria above and
[Co(CR)]*" is hypothesized to possess the same criteria.

noninnocent character, possible proton shuttles, and flexibility
is likely to create a metal complex that is catalytically active
toward NO,~ reduction.

Based on these criteria, we identified the previously reported
complex, [Co(CR)Br,] +,16 as possessing the necessary
attributes for the electrocatalytic reduction of nitrogen
oxyanions. The pyridinediimine moiety of the tetraaza
macrocycle provides redox noninnocent functionality (Figure
2, orange box),"” the secondary amine donor provides an
intramolecular proton shuttle (Figure 2, blue spheres),"> and
the macrocycle is sufficiently flexible to allow for mono- or
bidentate binding of NO,™ to cobalt."®*™*° In this work, we
report on the ability of [Co(CR)Br,]* to facilitate the
electrocatalytic reduction of both NO,™ and NO;™.

B RESULTS AND DISCUSSION

Aqueous Speciation. While [Co(CR)Br,]* is olive green
in the solid state, its aqueous solutions rapidly become yellow,
consistent with the previously reported bromide ligand
hydrolysis.“’22 The 'H NMR spectrum of [Co(CR)Br,]*
supports this hypothesis, with resonances for more than one
complex observed in D,O (Figure S3). For example, two sets
of pyridyl ring protons are observed, one of which is similar to
that previously reported for [Co(CR)(H,0),](ClO,);.”*
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Figure 3. Cyclic voltammograms of 1 mM [Co(CR)Br,]* (a) at 0.1
M Na,SO, aqueous solution. The small current at —0.63 Vg is
attributed to catalyst adsorption; (b) 0.1 M Na,SO, aqueous solution
with varying pH values. Conditions: glassy carbon working electrode,
Pt wire counter electrode, 100 mV s,

Aqueous solutions of [Co(CR)Br,]" are acidic (e.g,, pH 3.32
for a 2.5 mM solution), consistent with the ionization of the
aqua ligands. Acid—base titration reveals two ionization events
(Figure SS)

[Co(CR)(H,0),*" + H,0 = [Co(CR)(H,0)(OH)]*" + H,0", pK, = 4.01
[Co(CR)(H,0)(OH)I** + H,0 = [Co(CR)(OH),]" + H,0", pK, = 6.98

Together, these results suggest that [Co(CR)Br,]" dissolves
to provide two compounds in aqueous solution, namely,
[Co(CR)(OH),]** and [Co(CR)(H,0)(OH)]**. Similar
aqueous speciation has been observed for [Co(DIM)Br,]*."
Aqueous Electrochemistry. As previously re-

),
porte 4212428
)

three processes are observed in the cyclic
voltammogram of [Co(CR)Br,]* in acetonitrile solution
(Figure S6). We similarly observe three processes in the

aqueous-phase cyclic voltammogram of this complex (pH 7;
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0.1 M Na,SO,). On the basis of their assignments in organic
media, these are attributed to a quasi-reversible Co™" couple
(EPC = 0.13 Vg, Ep, = 0.28 Vscr), a reversible Co™! couple
(Ey/, = —0.85 V), and an irreversible ligand-based reduction
Co'(L/L*") (E,. = —1.29 V) (Figure 3a).

The Co™!™ couple exhibits complex pH-dependent
behavior, which is attributed in part to the pH-dependent
speciation of the axial ligands, as discussed above (Figures SS
and S8). Similar observations were made for [Co(CR)Br,]* in

https://doi.org/10.1021/acs.inorgchem.2c00199
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organic media.”* By contrast, the peak potential and current of
the Co™" couple are pH-independent (Figure 3b), suggesting
that there is no change in the metal coordination environment
on the reduction to Co'. Based on previous work, including
single-crystal X-ray diffraction of the lower oxidation states,”
we suggest that two single-electron reductions of [Co(CR)-
Br,]* provide the five-coordinate Co' complex, [Co(CR)-
(OH)], in aqueous solution.

Electrochemistry in the Presence of Nitrite. The 'H
NMR spectral changes observed on the addition of excess
NO,” to an aqueous solution [Co(CR)Br,]" suggest that
nitrite binds to the metal (Figure S10). Consistent with this, in
the presence of 25 mM NaNO,, the quasi-reversible Co™/!!
couple at 0.13 Vg shifts cathodically (EPC = —0.16 V) from
the potential observed in its absence. A similar shift in Co™/"
potential was observed for [Co(DIM)Br,]* in the presence of
NO,™."* Further titration of NO, leads to additional cathodic
shifts in this couple (Figure 4a). In addition, increasing NO,~
concentration is associated with the onset of electrochemical
reversibility. The dependence of E;,, on the NO,~
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Figure 4. Cyclic voltammograms of (a) the Co™! couple and (b) the
Co'"! couple with 1 mM [Co(CR)Br,]* in 0.1 M Na,SO, with
variable NaNO, concentration. Conditions: glassy carbon working
electrode, Pt wire counter electrode, 100 mV s,
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concentration can be described according to the Nernst
equation (eq 1)14’26

RT _
AE;,, = — In([NO
2 = g P(INOD 0
A plot of E, /, vs. log [NO,™] yields a linear relationship with a
slope of —101 mV/log [NO,”] (Figure S12), suggesting that
reduction is coupled to the loss of two NO,™ ligands, affording
the species [Co(CR)]**, which is likely solvent-coordinated

[Co(CR)(NO,),]" 4+ ¢~ = [Co(CR)I** + 2NO,~

Cyclic voltammetry reveals that the Co™' couple is also

dependent on NO,~ concentration, with increasing [NO,~]
resulting in a loss of reversibility, as illustrated by the anodic
shift in the reductive process that is coupled to a disappearance
of the oxidative process (Figure 4b). This behavior is
characteristic of an EC or ECE process”’ (Figure S12). At
the same time, a new oxidative process (Epc = —0.59 Vg at
100 mV/s) is observed with increasing [NO,™]. The potential
of this wave is independent of pH (Figure S13). The scan rate
dependence of this new wave is consistent with a freely
diffusing species. It is notable that the CV of independently
prepared [Co(CR)NO(Br)]**° also reveals an oxidative
process with E,, = —0.55 Vg at 100 mV/s (Figure S28).

Based on these observations, and previous reports for the
reaction of Co(I) complexes with NO,”, we therefore
hypothesized an ECE mechanism that leads to the formation
of a cobalt nitrosyl complex

[Co(CR)** 4+ e™ = [Co(CR)]
[Co(CR)]* + NO,” + 2H* — [Co(CR)(NO)** + 2H,0

[Co(CR)(NOP** + ¢~ — [Co(CR)(NO)T*

Similar stoichiometric transformations have been observed
in other cobalt complexes.”®*” To test this hypothesis, we
conducted a controlled potential electrolysis (CPE) experi-
ment of [Co(DIM)Br,]* in the presence of NaNO, at —0.99
Vscg. The IR spectrum of the dark brown solid obtained
following aerobic workup (Figure S29) reveals a strong band
(vno = 1642 cm™), consistent with that previously reported
[Co(CR)NO(Br)]*.*°

Scanning to more negative potentials reveals a catalytic
current for NO,™ reduction, with an onset potential (—0.98
Vgcg) that coincides with the Co'(L/L*”) couple (Figure Sa).
The current is dependent on NO,™ concentration, consistent
with the electrocatalytic reduction of aqueous NO,” by
[Co(CR)Br,]*. Product analysis following CPE at —1.46
Vgcg confirms  electrocatalytic NO,™ reduction, with 1 h
electrolysis at the initial pH 6.40 providing high yields of
ammonium (88% Faradaic efficiency)’ (Figure 5b).

We conducted a number of experiments to test for catalyst
homogeneity. Notably, the results of a “dip-and-stir” test’”
suggest that a catalytically active material is deposited on the
electrode surface. X-ray photoelectron spectroscopy confirms
the presence of cobalt in this material. The electrochemical
signature of this material differs from that of [Co(CR)Br,]",
with the onset of electrocatalysis occurring at a more cathodic
potential for the deposition (Figure S20). The CV of this
material also differs from that of cobalt nanoparticles.*®
Together, this suggests that both homogeneous and heteroge-
neous species contribute to the electrocatalytic reduction of
nitrite by [Co(CR)Br,]*.

https://doi.org/10.1021/acs.inorgchem.2c00199
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—~20 4 catalyst. For example, CPE for 2 h at an applied potential of
e —1.36 Vg provides NO,™ with a 22% Faradaic efficiency.*
QEJ, Since this Faradaic efficiency decreases in the presence of
8157 [Co(CR)Br,]* it is conceivable that NO;~ is initially reduced
o to NO,  at the electrode surface, with the reduction to
10 - ammonium being catalyzed by [Co(CR)Br,]". To test this
hypothesis, we conducted additional electrochemical experi-
5 ments using a mercury pool working electrode. Importantly,
this electrode shows no current enhancement for the CV of
NO; in the absence of [Co(CR)Br,]". In this case, NO,~ is
0 0 500 1000 1500 2000 2500 3000 3500 observed following 2 h of CPE at —1.54 Vg in the presence
Time (sec) of [Co(CR)Br,]* (Figure S32). Together, these experiments

Figure S. (a) Cyclic voltammograms of 1 mM [Co(CR)Br,]* in 0.1
M Na,SO, with varying concentrations of NO,™. Conditions: glassy
carbon working electrode, Pt wire counter electrode, 100 mV s7L. (b)
Controlled-potential electrolysis at —1.46 Vgcp of 1 mM [Co(CR)-
Br,]" with 100 mM NaNO, in 0.1 M KCl aqueous solution with a
glassy carbon rod working electrode.

Electrocatalytic Nitrate Reduction. In contrast to NO,”,
no changes in the Co"™™ and Co"! waves are observed for the
CV of [Co(CR)Br,]* in the presence of 25 mM NO, .
Nonetheless, a modest catalytic current is observed, with an
onset potential (—1.18 Vgcg) that is also similar to the
potential for the Co'(L/L*”) process. As expected for
electrocatalysis, the current increases with increasing NO;~
concentration (Figure 6), although it is significantly lower than
observed for NO,™ reduction. This is similar to our previous
observations with [Co(DIM)Br,]*."*'* Product analysis
following controlled-potential electrolysis (CPE) at —1.36
Vcg confirms electrocatalytic NO; ™ reduction (Figure S30);
however, the catalytic efficiency is poorer than for the
reduction of NO,”. Moderate quantities of ammonium (57%
Faradaic efficiency)’’ and small quantities of NO,” (3%
Faradaic efficiency)®* are formed following 2 h CPE. No
hydroxylamine is detected.*

It is important to note that NO;™ is reduced to NO,™ at the
glassy carbon electrode even in the absence of [Co(CR)Br,]*

9037

indicate that [Co(CR)Br,]* is catalytically active for the
reduction of both NO;™ and NO,™.

B CONCLUSIONS

We have shown that the macrocyclic complex [Co(CR)Br,]" is
an electrocatalyst for the reduction of aqueous NO,” and
NO;™. These results provide support for the electrocatalyst
design criteria delineated from our previous studies of
[Co(DIM)Br,]*.">"* Specifically, [Co(CR)Br,]" is based on
a flexible macrocycle that also provides redox activity and an
intramolecular proton shuttle.

Both nitrogen oxyanions are ultimately reduced to
ammonium, although the reduction of NO,™ occurs with
much greater Faradaic efficiency. Interestingly, there is
evidence for both homogeneous and heterogeneous electro-
catalysis by [Co(DIM)Br,]*. In the case of NO;~, small
quantities of free NO,™ are also formed as an intermediate
species. This contrasts with [Co(DIM)Br,]*, where there is no
evidence for the intermediate formation of free NO,™."* It is
important to note that NO;~ can be reduced to NO,™ at the
glassy carbon electrode in the absence of catalyst. Although the
Faradaic efficiency is poor, this reduction occurs at potentials
similar to those for which the electrocatalyst is operative.

There are now multiple cobalt-based macrocyclic complexes
for electrocatalytic NO5~ reduction. Despite the favorable
thermodynamics for NO;™ reduction, it is notable that all of
these electrocatalysts operate with a very large overpotential

https://doi.org/10.1021/acs.inorgchem.2c00199
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(>1 V). Mechanistically, this large overpotential can be
attributed in part to the need for the N—O bond cleavage to
occur by two-electron steps, as demonstrated for [Co(DIM)-
Br,]*." Nitrate reduction therefore requires the catalyst to be
reduced from Co(III) to the formally Co(I) oxidation state. In
the case of redox innocent ligands such as cyclam, the onset
potential for electrocatalysis is therefore dictated by the
potential required to access Co(I). While the ability of redox
noninnocent ligands to store electrons makes access to the
equivalent redox state in these complexes more accessible,
relatively cathodic potentials are still required."> We anticipate
that ligands that better stabilize the formally Co(I) state in
aqueous solution will allow for nitrate reduction electro-
catalysis with smaller overpotentials.
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