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The cobalt pyridinophane complex, [Co(HN4)Cl2]+ (HN4 = 3,7-diaza-
1,5(2,6)-dipyridinacyclooctaphane) is converted under catalytic 
conditions to an electrode-adsorbed species. Aqueous Co2+ 
solutions similarly deposit a species under the same conditions. 
Surface characterization reveals the formation of Co nanoparticles. 
These nanoparticles are active in the electrocatalytic redution of 
aqueous nitrate.

The industrial Haber-Bosch process radically altered the world’s 
food production dynamics by dramatically increasing the supply 
of ammonia-based fertilizers.1 About 80 % of Haber-Bosch 
produced NH3 is used for fertilizers, with the resulting 
agricultural output estimated to support half the world’s 
population.2 While 100 Tg NH3 is used as fertilizer each year, 
only a fifth of the applied nitrogen is consumed as food protein 
by humans and livestock.1 The rest is oxidized by soil bacteria to 
an assortment of nitrogen oxides. Among these is the highly 
soluble nitrate oxyanion, which runs off fields into nearby 
waterbodies.3 These nitrate anions stimulate algal blooms, 
leading to eutrophication and ultimately the formation of 
aquatic “dead zones”,4, 5 which are associated with significant 
economic and environmental consequences.4, 6 
Denitrification is typically achieved either through physical 
separation or by biological processes, presenting an 
opportunity to develop of new methods of converting nitrate 
into value-added products.7 Among these is electrocatalytic 
reduction, which in principle allows for the selective conversion 
of aqueous nitrate through the applied potential. Although 
thermodynamically favorable (e.g., E0 = +0.44 V vs. NHE at pH 
6.0 for the reduction to NH4

+), nitrate reduction is challenging 
for two main reasons. Firstly, the delocalized electronic 
structure of nitrate hinders effective binding to catalysts.8 
Indeed, nitrate is often outcompeted by other ions present in 
aqueous media, such as halides, CO3

2−, and PO4
3−.9, 10 Secondly, 

since many of its reduced species are stable,11 product 
selectivity is a significant challenge for electrocatalytic nitrate 
reduction. 
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Figure 1. Structure of [CoIII(HN4)Cl2]+.

Molecular electrocatalysts have the advantage being highly 
tunable, typically through ligand modification. In addition, the 
well-defined nature of these catalysts makes them better suited 
to mechanistic interrogation. However, in some cases, 
molecular complexes have been observed to decompose under 
reductive conditions, generating surface-adsorbed 
nanoparticles that are the catalytically active species.12, 13 
We previously investigated the complex [Co(DIM)Br2]+ (2,3-
dimethyl-1,4,8,11-tetraazacyclotetradeca-1,3-diene), which 
reduces nitrate with high Faradaic efficiency over a wide pH 
range.10 Mechanistic investigations reveal the critical role of the 
macrocycle, whose structural flexibility facilitates the binding of 
nitrate, specifically by creating a cis-divacant geometry at the 
metal. This insight led us to target the pyridinophane complex 
[Co(HN4)Cl2]+ (HN4 = 3,7-diaza-1,5(2,6)-
dipyridinacyclooctaphane, (Figure 1) as a nitrate reduction 
electrocatalyst. A notable feature of pyridinophane 
macrocycles is their ability to enforce the cis-divacant geometry 
that facilitates the bidentate binding of nitrate. In addition, the 
amines of the macrocycle are appropriately placed to shuttle 
the protons required for nitrate reduction. 
Here, we report investigations into the electrocatalytic activity 
of [Co(HN4)Cl2]+ towards the reduction of aqueous nitrate. 
Unexpectedly, the complex is unstable under catalytic 
conditions, decomposing to a provide surface-supported 
catalyst for electrocatalytic nitrate reduction. Similar reduction 
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of aqueous cobalt solutions provides cobalt nanoparticles that 
are catalytically active for nitrate reduction 

Figure 2.  (a) Cyclic voltammograms of 1 mM [Co(HN4)Cl2]+ in 0.1 M Na2SO4, pH 6.0 at 
glassy carbon working electrode (black)  and with 25 mM NaNO3 (red), scan rate 25 mV/s; 
(b) Charge passed during 1 h CPE of 1 mM [Co(HN4)Cl2]+ at –1.31 V vs. SCE (20 mM NaNO3, 
0.1 M Na2SO4, initial pH 5.3, Grafoil working electrode). The induction period is 
highlighted.

The CV of aqueous [Co(HN4)Cl2]+ (pH 6.00, 0.1 M Na2SO4) shows 
an irreversible reductive process with Ep,c = –0.21 V vs. SCE 
(Figure 2(a)) that we attribute to the Co(III)/Co(II) couple. No 
processes are observed at more cathodic potentials. 
Despite the lack of additional reductive processes in the 
absence of substrate, current enhancement is observed when 
the CV of aqueous [Co(HN4)Cl2]+ is measured in the presence of 
nitrate. Specifically, a new wave with onset potential ~ –1.1 V 
vs. SCE is observed in the CV of [Co(HN4)Cl2]+ and 25 mM NaNO3 
(Figure 2(a)). The current increases with increasing NaNO3 
concentration, as expected for the electrocatalytic reduction of 
nitrate (Figure S3). Further evidence for electrocatalytic nitrate 
reduction comes from a controlled potential electrolysis (CPE) 
experiment. Product characterization following 1 h CPE at –1.31 
V vs. SCE (Figure 2(b)) reveals the formation of ammonium with 

modest Faradaic efficiency (68 ± 5%). No hydroxylamine or 
nitrite is detected. 
It is notable that the CPE experiment is associated with an 
induction period (Figure 2(b), highlighted) suggesting that 
[Co(HN4)Cl2]+ serves as a precursor to a catalytically active 
species. Specifically, the initial rate of charge consumption is 
slow, but shows a clear increase over the first ~750 s. At the 
same time, the colour of the electrolysis solution changes from 
pale purple to yellow brown (Figures S5), concomitant along 
with the formation of a yellowish-brown solution, strongly 
suggesting the instability of [Co(HN4)Cl2]+ under the 
electrocatalytic conditions(Figure S11). Following this induction 
period, the rate of charge consumption remains constant. 
A rinse test of the working electrode reveals that [Co(HN4)Cl2]+ 
decomposition provides a catalytically active species on the 
electrode surface. Specifically, following a CPE experiment, the 
working electrode was thoroughly rinsed to remove water-
soluble species, and then immersed in a fresh electrolyte 
solution containing 20 mM NaNO3 substrate but no 
[Co(HN4)Cl2]+. The resulting CV reveals a catalytic current having 
onset potential −0.91 V vs. SCE (Figure S4), consistent with the 
formation of a surface-adsorbed nitrate reduction 
electrocatalyst. It is notable that this onset is observed at a 
potential that is ~0.2 V more anodic than observed for 
electrocatalysis with [Co(HN4)Cl2]+, consistent with the complex 
being a precursor to the true catalyst. The less cathodic 
potential required for [Co(HN4)Cl2]+ decomposition also 
suggests that the complex is unlikely to play any role in nitrate 
reduction and that the surface-adsorbed species is solely 
responsible for observed the electrocatalytic activity. Indeed, a 
CPE experiment of the surface-adsorbed species reveals the 
formation of ammonium with 90±5 % Faradaic efficiency 
(Figure S13), along with H2 in 8.5 % Faradaic efficiency. Control 
experiments establish that the cathodic potential is critical for 
the decomposition of [Co(HN4)Cl2]+ (Figure S6). 
X-ray photoelectron spectroscopy (XPS) of the working 
electrode following CPE provides insight into the nature of the 
surface-adsorbed species. Most notably, high resolution XPS 
exhibits Co 2p peaks that are absent for a fresh electrode 
(Figure 4).   
Hypothesizing that reduced [Co(HN4)Cl2]+ serves as a source of 
aqueous cobalt ions, which are in turn reduced to the surface-
adsorbed electrocatalyst, we investigated aqueous Co2+ as an 
electrocatalyst precursor. It has been previously established 
that morphologically unstable metallic cobalt nanoparticles can 
be electrodeposited from aqueous CoCl2 solutions.14 Deposition 
of metallic cobalt commences at –0.81 V vs. SCE, with a rapid 
increase in current at more cathodic potentials attributed to 
nucleation.14 We observe similar behavior in the CV of an 
aqueous cobalt solution with a glassy carbon working electrode 
(1 mM CoCl2, 0.1 M Na2SO4) (Figure 3). Specifically, on the 
cathodic scan, a rapid increase in current occurs at –0.86 V vs. 
SCE, consistent with the deposition of cobalt on the electrode 
surface. This is supported by a broad anodic current 
enhancement at –0.18 V vs. SCE on the anodic scan, as expected 
for the electrochemical stripping of electrode-deposited 
material. 
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Figure 3. Cyclic voltammograms of 1 mM CoCl2·6H2O in 0.1 M Na2SO4, pH 6.0 at glassy 
carbon working electrode (black). The same electrode was immersed in a fresh 0.1 M 
Na2SO4 solution, 25 mM NaNO3 (red). Scan rate 25 mV/s for both CVs.

Importantly, the surface deposited cobalt nanoparticles are 
active towards the electrocatalytic reduction of aqueous 
nitrate. A catalytic current with onset potential ~ –0.9 V vs. SCE 
is observed in presence of 25 mM NaNO3 substrate (Figure 3). 
This is the same onset potential as observed for the surface-
deposited material that is formed from the decomposition of 
[Co(HN4)Cl2]+. A rinse test confirms that the electrodeposited 
material is responsible for nitrate reduction (Figure S8). 
Aqueous solutions of CoBr2 similarly form an electrodeposit in 
the absence of any nitrate. This material is also active for the 
electrocatalytic reduction of nitrate, (Figure S14) indicating that 
chloride plays no role in active catalyst formation.  
X-ray photoelectron spectroscopy (XPS) following CPE confirms 
the deposition of cobalt on the working electrode surface. A 
survey spectrum reveals both Co 2p and N 1s signals, with the 
source of the latter attributed to the nitrate anion. The high-
resolution Co 2p spectrum displays the 2p3/2 and 2p1/2 doublets 
at 781.04 eV and 797.01 eV respectively (FigureS7).15

Scanning electron microscopy (SEM) images of flexible carbon 
(Grafoil) working electrodes following CPE in the absence 
(Figure 5(a)) and presence (Figure 5(b)) of nitrate substrate 
show the formation of cobalt nanoparticles on the electrode 
surface. Similarly, SEM reveals the formation of nanoparticles 
when CoCl2 is used as the cobalt source (Figure S17). The SEM 
images reveal a diversity of morphologies, consistent with 
earlier reports on the morphological instability of 
electrodeposited cobalt nanoparticles on glassy carbon.16 This 
suggests that the morphology of the nanoparticles is not critical 
for their electrocatalytic activity. Consistent with the XPS 
results, energy dispersive X-ray spectroscopy (EDS) analysis of 
the electrode surface following CPE reveal significant amounts 
of cobalt for both CoCl2 and [Co(HN4)Cl2]+ (Table S1).

Figure 4. High-resolution Co 2p XPS spectrum of the Grafoil electrode after CPE of 1 mM 
[Co(HN4)Cl2]+ at –1.31 V vs. SCE for 2 h (0.1 M Na2SO4). The measured signal is in black, 
the overall fit manifold in blue, and the fit peaks in cyan and magenta. 

Figure 5.  (a) SEM image of cobalt deposits on the Grafoil electrode after CPE at –1.31 V 
vs. SCE for 1 h without any nitrate; (b) SEM image of cobalt deposits on the Grafoil 
electrode after CPE at –1.31 V vs. SCE for 1 hour with 20 mM of nitrate (0.1 M Na2SO4, 1 
mM [Co(HN4)Cl2]+ for both experiments)l.

In this work, we have shown the homogeneous complex 
[Co(HN4)Cl2]+ decomposes under reducing conditions to form a 
surface-adsorbed species that is active for the efficient 
electrocatalytic reduction of aqueous nitrate. Similar reduction 
of aqueous Co2+ solutions create a surface-adsorbed 
nanoparticle cobalt electrocatalyst for the reduction of nitrate 
to ammonium.
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There has been a growing interest in development of the 
electrocatalytic methods for the reduction of aqueous nitrate 
and nitrite.17-22 As has been observed for some other 
electrochemical transformations (e.g. water oxidation23, 24 and 
reduction12, 13), our results demonstrate that the decomposition 
of molecular complexes to catalytically active nanomaterials 
also needs to be considered in the context of the 
electrocatalytic reduction of nitrogen oxyanions. Indeed, 
certain transition metal nanoparticles have been reported to be 
active in the electrocatalytic reduction of nitrate.25-27 
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