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ABSTRACT

Nitrate (NO3") is a common nitrogen-containing contaminant in agricultural, industrial, and
low-level nuclear wastewater that causes significant environmental damage. In this work, we
report a bio-inspired Cr-based molecular catalyst incorporated into a redox polymer that
selectively and efficiently reduces aqueous NOs~ to ammonium (NH4"), a desirable value-added
fertilizer component and industrial precursor, at rates of ~0.36 mmol NH4" mgc.! h! with >90%
Faradaic efficiency for NHs*. The NOs™ reduction reaction occurs through a cascade catalysis
mechanism involving the stepwise reduction of NOs~ to NH4" via observed NO;™ and NH,OH
intermediates. To our knowledge, this is one of the first examples of a molecular catalyst,
homogeneous or heterogenized, that is reported to reduce aqueous NO3™ to NH4" with rates and
Faradaic efficiencies comparable to those of state-of-the-art solid-state electrocatalysts. This work
highlights a promising and previously unexplored area of electrocatalyst research using polymer-
catalyst composites containing complexes with oxophilic transition metal active sites for

electrochemical nitrate remediation with nutrient recovery.



INTRODUCTION

The advent of anthropogenic nitrogen species and their agricultural and industrial uses have
drastically altered the nitrogen cycle and detrimentally impacted local and global ecosystems. !
NOx species, and especially NOs~, are particularly damaging to marine ecosystems,* and are
common contaminants found in concentrated streams from nuclear wastewater’ and industrial
processes,® or more dilute streams from agricultural runoff.” NO3~ contamination in groundwater
results in eutrophication,® or “dead zones,” in which hypoxic or anoxic conditions result in mass
deaths of many pelagic species and the selective overgrowth of those which can survive the harsh
conditions.*’ Microbial denitrification in contaminated groundwater results in the conversion of
NOx to N0, a potent greenhouse gas.!*!> Furthermore, the US Environmental Protection Agency
and the World Health Organization have determined that NO3™ is a drinking water pollutant, and
have established safe drinking water limits of less than 50 mgnos L™."* These various detrimental
effects of NO3~ contamination on the environment and human health underscore the need for
efficient nitrate remediation technologies.

Existing NO3™ remediation technologies focus primarily on either separation and concentration
of NO;™ and other NOx species' or bioremediation with nitrate-consuming bacteria.'>!® The
former, while often used for wastewater treatment, results in highly concentrated brines that
require further treatment to achieve true remediation.'® Bioremediation can achieve true
remediation, but is hindered by its requirements for a viable bacterial environment, additional
chemical substrates (e.g. electron donors), and the risk of pathogenic bacterial growth.!” A
promising alternative strategy is the direct reduction of NO;3™ to other value-added products via the
electrochemical NO; reduction reaction (NO3RR).!!3-20 The electrochemical reduction of NO;™ to

NH." is particularly desirable as it couples NO3 ™ remediation with nutrient recovery.?!??



While many solid-state heterogeneous catalysts for nitrate reduction have been developed,
molecular electrocatalysts enable improved tuning through synthetic alterations to the active site.
Results from these studies can further guide the understanding of mechanism and design principles
to produce catalysts with increased activity and selectivity. Although multiple molecular

electrocatalysts capable of nitrate reduction to ammonia have been developed, 2>

complexes
containing oxophilic metals including chromium are relatively underexplored, with only one other
known example of a Cr-based molecular electrocatalyst.*® These oxophilic metal complexes are
of particular interest because they may be able to reduce NO3™ via an oxygen atom transfer (OAT)
mechanism similar to that observed in nitrate reductase enzymes.>!-?

In this work, we report a Cr(2,2°;6’,2”-terpyridine)Clz complex with an appended 2,2°:5°,2”-
terthiophene (TPTCrCls) that, when electropolymerized onto a glassy carbon electrode (GCE),
forms a conductive p-TPTCrClz redox polymer film that is active and selective for the
electrochemical reduction of NO3™ to NH4" via a cascade catalysis mechanism. The p-TPTCrCl3
catalyst system is inspired by the nitrate reductase molybdoenzymes that reduce NO3™ to NO>™ via
an oxo-transfer mechanism from NOs™ to the Mo-containing active site buried within the enzyme
scaffold with controlled substrate and proton transfer.>*3° Similar to nitrate reductase, our p-
TPTCrCls system incorporates Cr active sites, with similar oxophilicity as Mo,*® inside of a
polymeric structure that tunes the local microenvironment and controls the transport of substrate
and intermediates to enhance reaction selectivity.’’** We have previously demonstrated benefits
of catalyst microenvironments by encapsulating CO> reduction electrocatalysts in polymeric
scaffolds.***! Notably, this catalyst system operates in the presence of phosphate, which can cause

deactivation of many other heterogenous systems for NOx reduction due to competitive occupation

of available active sites and pore blocking by phosphate.***” The p-TPTPCrCls system reduces



NOs™ to NH4" with fast rates of 0.36 +0.01 mmol NH4" mgea! h'! with > 90% Faradaic efficiency
(FE) for NH4" at only —0.75 V vs RHE. The p-TPTCrCls catalyst system represents one of the
first examples of a molecular catalyst, homogeneous or heterogenized, that operates with
comparable activity and selectivity to state-of-the-art solid-state catalysts for NOs™ reduction to
NH4".
EXPERIMENTAL.
Materials

All purchased chemicals were used as received. Ferrocene carboxylic acid (97%), ferrocene
(98%), sodium hydroxide (Anhydrous, BioUltra, > 98%), sodium phosphate monobasic dihydrate
(BioUltra, > 99.0%), sodium phosphate dibasic dihydrate (BioUltra, > 99.0%), maleic acid
(ReagentPlus, > 99 %), sodium nitrate (NaNO3, 99.999% Trace Metals Basis), sodium nitrite
(NaNOy, BioUltra, > 99.0%), phosphoric acid (85% wt in H>O, 99.99% Trace Metals Basis),
sodium carbonate (anhydrous, ACS Reagent, 99.6%), sodium bicarbonate (BioXtra, 99.5-
100.5%), potassium carbonate (anhydrous, ACS Reagent, 99+%) isopropanol (ACS Grade,
95%+), potassium hydroxide (ACS Grade, 85%+), tetrakis(triphenylphosphine)palladium(0)
(99%), magnesium sulfate (ReagentPlus, > 99.5%), Silver Nitrate (ReagentPlus, > 99.0%), 8-
hydroxyquinoline, 5,10,15,20-Tetraphenyl-21H,23H-porphine cobalt(Il) (Co(TPP), Dye content
85 %), 1000 ppm Chromium (IIT) nitrate standard for ICP-MS, and chromium(IIl) chloride
tetrahydrofuran complex (1:3) (97%) were purchased from Millipore-Sigma. Diethyl ether
(anhydrous, BHT Stabilized, ACS grade, 99%), petroleum ether (ACS Grade, 36°-86° C BP),
dichloromethane (CH>Cl,, ACS Grade, 99.5%), tetrahydrofuran (THF, ACS Grade), ethanol
(EtOH, ACS Grade, 190 Proof), dimethylsulfoxide (DMSO, ACS Grade, 99.8%), N,N-

dimethylformamide (DMF, ACS grade), potassium chloride (KCl, ACS Grade, 99%), potassium



ferricyanide (K3Fe(CN)s) (99+%), potassium perchlorate (KClO4, ACS Grade), ammonium
hydroxide solution (28-30%, ACS Grade), hydrogen peroxide (30%, ACS Grade), Nitric acid
(Trace Metal Grade), and sulfuric acid (Optima Grade) were purchased from ThermoFisher
Scientific. 1,2-dimethoxyethane (99%), 2,3,5-tribromothiophene (98%), 2-acetylpyridine (99%),
and tetrabutylammonium hexafluorophosphate (nBusPFs, 98%) were purchased from Oakwood
Chemical. N-(1-naphthyl)ethylenediamine dihydrochloride (98%+) was purchased from TCI
America. 2-thienylboronic acid (97%) and 4-formylphenylboronic acid (97%) were purchased
from Matrix Scientific. Sulfanilamide (98%) and hydroxylamine hydrochloride (99%) were
purchased from Alfa Aesar.

Argon (Ar, UHP, 99.999%) was purchased from Cryogenic Gases. Nitrogen gas (N2) was
boil-off gas from a liquid nitrogen source. All water used in this study was purified to 18.2 MQescm
resistivity in house using a Thermo Scientific GenPure UV-TOC/UF xCAD-plus water
purification system. Deuterated Chloroform (CDCl3, 99.8%) and deuterated dimethylsulfoxide
(C2D6SO, 99.9%) was purchased from Cambridge Isotopic Laboratories. N'5-labeled sodium
nitrate (>98 atom % N'5, >99%), N'5-labeled sodium nitrite (> 98 atom % N'3, > 95%)), and N'*-
labeled hydroxylamine hydrochloride (>98 atom % N'°, >95%) were purchased from Millipore

Sigma.

Synthetic Procedures

General Instrumentation and Synthetic Procedures. NMR spectra for organic compounds
were collected on a Varian MR400 (400 MHz) spectrometer and all chemical shifts are reported
in ppm relative to TMS standards. All NMR data analysis was done using MestReNova version

14.1.2 (Mestrelab Research). Elemental analysis was performed by Midwest Microlabs. Some



synthetic steps were carried out under a dry N> atmosphere using an mBraun Labstar 4-glove inert
atmosphere glovebox.
Synthesis of TPTCrCl; monomer is summarized in Figure 1, and details for each step are

described in detail below.
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Figure 1. General scheme for the synthesis of the TPTCrCl; monomer.

3'-bromo-2,2':5',2""-terthiophene (1). 3'-bromo-2,2":5'2"-terthiophene was synthesized
based on previously reported methods.*® A three neck RBF was first charged with 2,3,5-
tribromothiophene (0.2 g , 0.623 mmol), 2-thienylboronic acid (0.159 g. 1.240 mmol), 1,2-
dimethoxyethane (6 mL), 1 M NaHCOj3 solution (2.2 mL), and a stir bar. Then a reflux condenser
was added, and the mixture was sparged with nitrogen for 10 minutes. Under constant nitrogen
pressure tetrakis-(triphenylphosphine)palladium(0) (0.0416 g , 0.036 mmol) was added and the
solution sparged for an additional 5 minutes. The solution was then refluxed overnight. After the
first reflux the solution was then cooled to RT and under constant nitrogen pressure additional 2-
thienylboronic acid (0.0952 g, 0.744 mmol) and tetrakis-(triphenylphosphine)palladium(0)
(0.0416 g , 0.036 mmol) was added and the solution was again refluxed overnight. After
disappearance of the 2-thienylboronic acid peak via TLC was confirmed, the reaction was cooled

down to RT. The reaction mixture was first filtered, then the 1,2-dimethoxyethane was removed



via reduced pressure. Afterwards, 15 mL of water was added to the residue and it was transferred
to a separatory funnel. The product was then extracted 3 times with diethyl ether (30 mL). The
combined organic phase was then washed once with a saturated NaCl solution (brine), dried over
MgSOs4, and filtered. The organic solvent was then removed via reduced pressure to yield a dark
brown oil. The crude product was purified via column chromatography on silica gel using
petroleum ether/CHCl; as the eluent (9:1) to give a yellow oil (95.8 mg, 47% yield) that solidified
upon cooling in the freezer at ~5 °C where it was stored. Note that this reaction can be scaled up
easily by a factor of 20. 'H NMR (CDCl3, 400 MHz): & 7.44 (1H, dd), 8 7.38 (1H, dd), & 7.29
(1H, dd), 6 7.20 (1H, dd), 6 7.10 (2H, m), & 7.05 (1H, dd)
(4-(]2,2':6',2""-terpyridin]-4'-yl)phenyl)boronic acid (2). A single necked RBF was charged
with the following: 100 mL EtOH, 2-acetylpyridine (4.5 mL, 40 mmL), 4-formylphenyl boronic
acid (3 g, 20 mmol), and a stir bar. The mixture was then stirred until everything was fully
dissolved. Afterwards ammonium hydroxide solution (28%-30%, 58 mL) and KOH (3 g, 55 mmol)
was added. The RBF was then capped with a septum and the solution stirred for 72 hours at RT
during which an off-white precipitate formed. The resulting precipitate was then collected via
vacuum filtration and washed with copious amounts of isopropanol until the run-off was no longer
basic. It was then washed with chloroform. The solid was then collected and dried under vacuum
to yield 1.5 g (21.23% yield) of an off-white solid. "H NMR (CD3OD, 400 MHz): § 8.72 (2H, m),
0 8.68 (2H, s), 6 8.66 (2H, d), 8 8.01 (2H, td), 6 7.76 (4H, q). & 7.49 (2H, qd).
4'-(4-(]2,2':5',2""-terthiophen]-3'-yl)phenyl)-2,2':6',2""-terpyridine (TPT). A three-neck
RBF was first charged with (1) (400 mg, 1.2 mmol), (2) (474 mg, 1.34 mmol), 1,2
dimethoxyethane (50 mL), and a stir bar. A reflux condenser was then added and the solution

sparged with N> for 15 minutes. Separately, KoCOj3 (500 mg, 36 mmol) was dissolved in minimal



H>0 in a Schlenk tube and sparged with N> for 10 minutes. Under constant N> pressure tetrakis-
(triphenylphosphine)palladium(0) (0.100 g, 0.0865 mmol) was added and the solution sparged for
an additional 5 minutes. The K2CO3 solution was then added via cannula transfer and the solution
refluxed overnight. Progress was checked via TLC and once (1) was consumed, the reaction was
stopped. After the reaction was completed the 1,2-dimethoxyethane was removed via reduced
pressure and the crude residue added to a separatory funnel with additional water (20 mL). The
product was then extracted with CH>Cl, (20 mL) three times. The combined organic phases were
washed with a saturated NaCl solution (brine), dried over MgSOs4, and then the solvent was
removed with reduced pressure. The crude material was purified with column chromatography on
basic alumina using ethyl acetate/petroleum ether (1:9 to 4:6). The crude material was loaded dry
using CH2Cl; to initially load the material on alumina gel. Product was collected as a yellow oil
that solidified into yellow crystals (0.345 g, 51.73%). The product was stored in a freezer at ~5 °C
until further use. "H NMR (CDCl3, 400 MHz): & 8.78 ( 2H, s), 6 8.74 ( 2H, dd), 5 8.69 (2H, d), ),
0 7.92 (1H, s), 6 7.91-7.87 (3H, m), & 7.50-7.56 (2H, m), 6 7.37 (2H, qd), & 7.20-7.24 (2H, m), 6
7.22 (2H, s), 6 7.06 (1H, q), 6 7.03 (1H, dd), 6.97 (1H, q).
4'-(4-([2,2':5',2""-terthiophen]-3'-yl)phenyl)-2,2':6',2""-terpyridine chromium trichloride
(TPTCrCl). In a nitrogen glovebox a single neck RBF was charged with the TPT ligand (0.0498
g, 0.09 mmol) and a stir bar. In a separate vial, also within the glovebox, chromium(III) chloride
tetrahydrofuran complex (1:3) (0.040, 0.109 mmol) was dissolved in THF (10 mL). The THF
solution was then transferred to the RBF via pipette which was sealed with a reflux condenser and
gas adapter. The reaction set up was then removed from the glovebox, hooked up to a Schlenk
line, and refluxed overnight under nitrogen (~24 hr) resulting in the precipitation of a brown solid.

The reaction was then cooled, and the precipitate collected via vacuum filtration. The product was



then rinsed with THF and diethyl ether before being dried under vacuum resulting in 25 mg
(38.9%) of light brown solid. Anal. Caled (found) TPTCrCl3+2H>0, (C33H250N3S3CrClz): %C
52.84, (53.29); %H 3.36, (2.94); %N 5.6, (5.71); %S 12.82 (12.95).

Crystal Structure Determination of TPTCrCls. Green plates of TPTCrCl; suitable for X-ray
diffraction were grown by dissolving a small amount of the compound in CH3CN in a test tube
followed by a thin layer of hexanes as a buffer and a large amount of diethyl ether. A crystal of
dimensions 0.02 x 0.02 x 0.01 mm was mounted on a Rigaku AFC10K Saturn 944+ CCD-based
X-ray diffractometer equipped with a low temperature device and Micromax-007HF Cu-target
micro-focus rotating anode (A = 1.54187 A) operated at 1.2 kW power (40 kV, 30 mA). The X-
ray intensities were measured at 85(1) K with the detector placed at a distance 42.00 mm from the
crystal. A total of 2028 images were collected with an oscillation width of 1.0° in ®. The exposure
times were 10 s for the low angle images, 60 s for high angle. Rigaku d*trek images were exported
to CrysAlisPro for processing and corrected for absorption. The crystal was determined to be a
two-component, non-merohedral twin. The domains are related by a 179.98 deg. rotation about
the reciprocal (0 0 1) vector. The refined twin fraction was 0.378(2). Reflections from both
domains as well as overlaps were used as the basis of a HKLF5 format input file. The integration
of the data yielded a total of 40550 reflections to a maximum 26 value of 140.09° of which 11200
were independent and 8018 were greater than 2o(I). The final cell constants (Table S1) were
based on the xyz centroids of 7501 reflections above 10c(I). Analysis of the data showed
negligible decay during data collection. The structure was solved and refined with the Bruker
SHELXTL (version 2018/3) software package,* using the space group Plbar with Z = 2 for the

formula C35H26N40S3CI3Cr. All non-hydrogen atoms were refined anisotropically with the

hydrogen atoms placed in idealized positions. Full matrix least-squares refinement based on F2



converged at R1 = 0.0718 and wR2 = 0.1922 [based on I > 2sigma(I)], R1 = 0.0894 and wR2 =
0.2054 for all data. The supplementary crystallographic data for this paper is attached as a cif file,
and also can be found at the Cambridge Crystallographic Data Centre under reference CCDC

2158034.

Figure 2. Single crystal structure of the TPTCrCls monomer complex, based on single crystals
suitable for X-ray analysis grown from acetonitrile/hexanes/diethyl ether. Ellipsoids represent

50% probability. Hydrogen atoms and solvent molecules have been omitted for clarity.

Electrochemical Methods

All electrochemical measurements were conducted using either a Bio-Logic SP-300 or SP-200
potentiostat in a 3-electrode setup, and data were recorded using the Bio-Logic EC-Lab v10.44
software package. Data analysis and figure preparation for the electrochemical studies was
performed using Origin 2022 (OriginLab Corporation). All CVs were plotted using I[UPAC
convention. Before each series of measurements, the uncompensated cell resistance (Ry) was
measured with a single-point high frequency impedance measurement. Unless otherwise noted, all

electrochemical experiments were conducted at least three times with independently prepared



electrodes and electrolytes, all values reported are the averages of these repetitions, and all reported
errors are standard deviations.

General Procedures for Electropolymerization of TPT and TPTCrCls.
Electropolymerization reactions were conducted in a single 50 mL undivided cell. The working
electrodes were glassy carbon disk electrodes (GCE) (5 mm diameter, 4 mm thick, 0.196 cm?
surface area, Sigradur G, HTW Hochtemperatur-Werkstoffe GmbH). The auxiliary electrodes
were graphitic carbon rods (99.999%, Strem Chemicals). The reference electrode was a
homemade single-junction Ag/AgNOs (1 mM in MeCN with 0.1 M nBusNPFe) non-aqueous
reference electrode separated from the solution by a CoralPor glass frit (Bioanalytical Systems,
Inc.) and externally referenced to the ferrocenium/ferrocene redox couple (Fc*?).

Prior to each electropolymerization experiment, the GCEs were first mechanically polished on
silicon carbide abrasive paper (CarbiMet 2, 600/P1200, Buehler) for 30 s. The GCEs were then
mounted into a custom-designed brass electrode holder held by a Struers LaboForce-1 specimen
mover and polished on a Struers LaboPol-5 polisher. The disks were held by the specimen mover
with ~5 psi of applied pressure per disk. The GCEs were polished sequentially on synthetic nap
polishing pads (MD Floc, Struers) with alumina abrasive slurries (Struers) in an order of 1 um, 0.3
pum, 0.1 pm, and 0.05 pm for 1 minute each. During polishing, the platen speed was 200 rpm and
the head speed was 8 rpm in the opposite rotation from the platen. Between each polishing step,
the GCEs and brass electrode holders were rinsed with copious amounts of ultrapure water. After
the final polishing step, the glassy carbon disk electrode was sonicated in ultrapure water for ~10
min, then rinsed copious amounts of ultrapure water, and finally dried in an N> stream. XPS of the

polished GCE show an absence of any elements associated with the p-TPTCrCl3 films (Figure

S1).



Electropolymerization solutions contained 0.1 M nBusNPF6 and either saturated (~1 mM)
TPTCrCls or I mM TPT and were mixed on a vortex mixer until the monomer was fully dissolved.
Once an electropolymerization solution was prepared, it was used within 24 h and stored in a
freezer at ~5 °C when not in use. The reference electrode and auxiliary electrodes were submerged
in the electrolyte solution, and the polished working GCE was mounted in an E6 Series internal
hardware kit (Pine Research) and suspended in the solution in such a way to minimize distance
between the working electrode and the reference electrode, thus minimizing solution resistance.
In general, the distance between the working electrode and reference electrode was <3 cm. The
working electrode was held at a constant applied potential of 1.06 V vs Fc™° (1.20 V vs the
Ag/AgNO:s reference) until 20 mC of charge was passed. Immediately afterwards, the working
electrode was held at a constant applied potential of =0.140 V vs Fc*’? (0.00 V vs the Ag/AgNO;
reference) for 60 s to discharge the system. The polymer-modified electrode was then removed
from the deposition solution, rinsed with dichloromethane, and dried under an N> stream (general
scheme is shown in Figure S2).

The same electropolymerization solution was used for up to 2 depositions within a ~4 h period
to minimize changes in the film surface due to precipitates in the deposition solution. Between
each electropolymerization reaction, an appropriate amount of dichloromethane was added to the
electropolymerization solution to compensate for solvent loss due to evaporation to maintain the
constant concentration of the monomer. In addition, between each deposition, the CoralPor glass
frit of the reference electrode was gently polished with water on a SiC abrasive paper (CarbiMet
2,600 grit/P1200). This polishing step was to remove the very top layer of the frit that would clog
with intercalated TPTCrCl3; monomer over repeated depositions. In general, CoralPor frits were

still replaced every ~12 depositions.



Cyclic Voltammetry (CV) Measurements. Cyclic voltammetry measurements were
conducted in an undivided 50 mL electrochemical cell. The working electrode was the polymer-
modified GCE mounted into an E6 Series Change-Disk rotating disk electrode (RDE) assembly
and affixed to a Pine Research Instrumentation MSR rotator. The auxiliary electrode was a
graphitic carbon rod auxiliary electrode (99.999%, Strem Chemicals). The reference electrode
and a homemade Ag/AgCl/KCl(sat.) single junction reference electrode separated from the
electrolyte by a CoralPor glass frit (Bioanalytical Systems, Inc.) prepared as previously
described.®® The reference electrode was externally referenced to the redox couple of
ferrocenecarboxylic acid in in 0.2 M phosphate buffer at pH 7 (0.329 V vs. Ag/AgCI/KCl(sat.)).>!
The electrolyte was a 0.10 M phosphate buffer (0.094 M NaH;PO4, 0.006 M Na,HPOy) titrated to
pH 6 with NaOH. For electrochemical NOs3RR studies, 0.10 M NaNO; was added to the
electrolyte. CVs of variable pH were taken in 0.1 M phosphate buffer titrated to pH 6, 7 and 8 with
0.1 M NaNOs. CVs of variable nitrate concentration were taken in 0.1 M pH 6 phosphate buffer
with 0.05, 0.1, 0.2 and 0.4 M NaNOs. CVs of variable buffer concentration were taken in pH 6
phosphate buffer with concentration of 0.05, 0.1, and 0.4 M phosphate with 0.1 M NaNO3. CVs of
NaNO:> were taken in 0.1 M pH 6 phosphate buffer with 0.1 M NaNO.. Electrolyte pH was
measured using a Fisherbrand Accumet AB200 benchtop pH meter equipped with an Atlas
Scientific pH probe electrode. The pH meter was calibrated with a 3-point calibration curve at pH
4.01, 7.00, and 10.01 using Thermo Scientific Orion pH buffer solutions.

All potentials measured against the Ag/AgCl/KCl(sat.) reference were converted to RHE (the
real hydrogen electrode) using Equation 1:3

ERHE = Eexp + Eref + 0059V * pH (1)



Erueis the potential vs RHE, Eexp is the measured potential, Erer is the potential of the reference vs
the standard hydrogen electrode (~0.197 V for a Ag/AgCl/KCl(sat.) reference), and pH = 6 1is the
pH of the electrolyte. Before each CV measurement, the electrolyte was sparged with N» for a
minimum of 10 min, and the solution was blanketed with N> during each measurement. Unless
otherwise noted, CVs reported were measured with a scan rate of 0.10 V s™! and swept in the
negative direction at the start of the scan at 0.55 V vs. RHE. All CVs were iR compensated at
85% by the Biologic EC-Lab Software. Typical uncompensated resistance in CV measurements
was R, = 150 Q.

Estimating Catalyst Loading. The catalyst loading was estimated in three ways. First,
loading was determined from the charge passed during the electropolymerization process.
Electropolymerization of thiophenes/terthiophene requires a 2-e~ oxidation per monomer (for
radical formation), and an additional 0.25 ¢~ oxidative doping per thiophene subunit.>** Thus,

for our terthiophene monomers, each monomer deposited should account for a 2.75 e oxidation.

The catalyst loading estimated in this manner from our 20 mC deposition is ~1.9 x 1077 mol cm

(1.2 x 10" molecules cm 2, 0.14 mg cm™). This method of catalyst loading determination does

not account for charge lost to formation of soluble oligomers that do not precipitate from solution
onto the electrode, and therefore is an overestimation of surface coverage.

In addition, the catalyst loading was calculated using the area under the non-catalytic CVs in
0.10 M phosphate buffer at pH 6. The large reductive redox feature was attributed to two
overlapping 1 e reduction events associated with the Cr*"?* and Cr*"* redox couples. A linear
background correction was applied to determine the charge associated with this redox feature

Figure S3). Using this method, we estimated a catalyst loading of 6.7 + 1.2 x 1078 mol cm™ (4.4
g g y g

+0.8 x 10'"® molecules cm2, 0.047 +0.008 mg cm™). Due to possible error associated with linear



background correction of non-ideal/sloped CVs, we proceeded with confirming coverage by
digestion of catalyst and analysis by ICP-MS.

Finally, the catalyst loading was measured by digesting the deposited p-TPTCrCl3 polymer on
the glassy carbon electrode and measuring chromium content in the etching solution by inductively
coupled plasma-spectrometry (ICP-MS, PerkinElmer Nexion 2000). p-TPTCrCls coated glassy
carbon electrodes were placed into a 20 mL scintillation vial with 2 mL of concentrated trace-
metal grade HNOs3, sonicated for 10 minutes, and stirred overnight at room temperature.

To confirm that the etching solution sufficiently digested the p-TPTCrCl; from the surface, the
surface composition before-and-after etching was measured using a JEOL JSM-7800FLV
Scanning Electron Microscope equipped with an Energy-Dispersive X-ray Spectrometry detector
(SEM-EDS). Three independently prepared p-TPTCrCl; electrodes were investigated using SEM-
EDS as deposited, and the same electrodes were then investigated post etching. Composition was
determined using point mapping on 5 pattern locations per electrode with 20.0 kV and 9000x
magnification. A summary of the elemental composition of before and after etching is shown in
Table S2, and shows complete loss of N, S, Cr, and CI during the etching process within the 0.1
weight percent limit of detection of SEM-EDS of bulk materials,>® consistent with removal of the
p-TPTCrCls polymer from the surface during the etching process. Note that the as-deposited
electrodes also show the presence of P and F in the as-deposited p-TPTCrCl; electrodes due to
residual nBuNPFg electrolyte on the surface from the electrodeposition process.

After the surface etching, the etching solution was then diluted by a factor of 16 with ultrapure
water to 1 M HNOs3 concentration, then filtered through a cellulose syringe (0.45um, Titan 3
regenerated cellulose, Fisher Scientific) and analyzed by ICP-MS. The measured chromium

concentration was calibrated against a 5, 10, 20, 30 and 50 ppb solution of chromium (III) nitrate



in 1 M trace-metal grade HNO3 prepared from a 1000 ppm chromium (III) nitrate ICP-MS
standard. The mass and moles of catalyst were estimated from the mass of Cr measured in the ICP-

MS as shown in Equations 2-4.

0.001 mg
_ 15.8 T
mass of Cr (mg) = x ppb X T X Tem % 0.002 L (2)
mol of Cr = mass in mg X 18 1 mol Cr 3)
1000 mg 51.99gCr
mass of TPTCrCly (mg) = molg, x —molTerercls 712068 . 1000 mg -y

1molcy  1molyrprcrcis 1g

The catalyst loading estimated from etching of our 20 mC deposition film is 5.5 £ 0.7x 107®

mol TPTCrCls cm 2 (3.3 £ 0.4x 10'® molecules cm ™2, 0.039 + 0.005 mg cm™).
The catalyst loading determined from all methods demonstrates that the electrodeposited

catalyst exists in a multilayer film with 10-100 times the typical loading of a ~ 1.7 x 10~ mol

6

cm 2 (~1.0 x 10" molecules cm2) monolayer deposition.® The mass-loading activity and

turnover frequencies reported in this manuscript were calculated using the coverage determined
from ICP-MS.

General Procedure for Drop-casting TPTCrCls (Unpolymerized Monomer) on Glassy
Carbon Electrode. Glassy carbon electrodes were polished as described above. A 1 mM
TPTCrCl3 solution was prepared in N,N-dimethylformamide and coated on the electrodes via
dropcasting 6.5 pL of solution, allowing the surface to dry at room temperature, then applying a
second coating of 6.5 pL of the solution and drying at room temperature (general scheme shown
in Figure S4). Coverage was estimated to be ~6.7 x 10~® mol cm™ using this method.

Controlled Potential Electrolyses. All controlled potential electrolyses were performed in a
previously described custom-built H-cell consisting of a sealed main chamber containing the

working and reference electrodes and a stir bar and an unsealed auxiliary chamber containing the



auxiliary electrode.*! The two chambers were separated by a Nafion 117 membrane (Fuel Cell
Store). To remove adventitious NHs" from the Nafion membrane, the membrane was pre-treated
by 30-min sequential sonication steps in 5% H2O, ultrapure water, 0.5 M H>SO4, and again in
ultrapure water.’’” The working electrode was a polymer-modified GCE held in an E6 series
internal hardware kit (Pine Research Instrumentation) and fitted into a custom PEEK sleeve. The
auxiliary electrode was a graphitic carbon rod auxiliary electrode (99.999%, Strem Chemicals).
The reference electrode and a homemade Ag/AgCl/KCl(sat.) single junction reference electrode
separated from the electrolyte by a CoralPor glass frit (Bioanalytical Systems, Inc.) prepared as
previously described.’® The reference electrode was externally referenced to the redox couple of
ferrocenecarboxylic acid in in 0.2 M phosphate buffer at pH 7 (0.329 V vs. Ag/AgCI/KCl(sat.)).>!
The distance between the working electrode and reference electrode was 1 cm and the distance
between the working and counter electrodes was 8 cm. The stir bars used were always Fisherbrand
Egg-Shaped Bars (19 mm length, 9.5 mm diameter), and the stir plates used were always Thermo
Scientific RT Touch Series Magnetic Stirrers (4 L capacity, 30-2000 RPM). CPE measurements
were not compensated for uncompensated resistance, and the potential value reported is the real
applied potential. In general, the cells used for CPE experiments had R, = 100 Q. Note that the
cells used the CPE experiments for the reduction of "NH>OH had a slightly higher R, = 125 Q
due to the slightly lower ionic strength in these solutions compared to those containing Na'>NO;
and Na'>NO,. Only *N-labeled reactants (>NOs~, >NO,", and '"NH,OH) were used in CPE
measurements to ensure that any NH4" detected was from the reduction of the 'N-labeled
reactants. In general, all CPEs experiments were conducted for 2 h except for CPEs measuring
SNH,OH reduction which were conducted for only 1 h to minimize thermal NH,OH

decomposition.®



Prior to each CPE experiment, the electrolyte in the main chamber was sparged with Ar for at
least 30 min, and then the main chamber was sealed under a blanket of Ar. After the CPE
experiment was complete, a 5-mL aliquot of the headspace was removed with a Pressure-Lok
gastight syringe (10 mL, Valco VICI Precision Sampling, Inc.) and analyzed via gas
chromatography for any H> evolved. Then, a 4-5 mL sample of the electrolyte was removed for
the detection of dissolved aqueous products: NO>~, NH,OH, and '’NH4*. The total headspace of
the main chamber was then determined by mass balance with water.

Gaseous samples of the headspace were measured using a Thermo Scientific Trace 1310 GC
system with two separate analyzer channels for the detection of H> and other products. 5-mL
headspace aliquots were injected into a 3-mL sample loop, and separated using a custom valve
system, column configuration, and method developed by Thermo Fisher Scientific and Custom
Solutions Group, LLC. H> was detected using an Ar carrier gas and thermal conductivity detector
(TCD) calibrated using calibration gas mixtures (SCOTTY Specialty Gas) at H> = 0.01%, 0.02%,
0.05%, 0.5%, and 1% v/v. Chromatographs were analyzed using the Chromeleon Console
WorkStation software. Faradaic efficiencies (FE) of H2 were calculated using Equation 5:

\%4
%XGXHXF

FE= Z0—— 5)

Here, Vs is the headspace volume of the working chamber in mL, Vg is the molar volume of the
gas at 25°C and 1.0 atm (24500 mL/mol), G is measured volume percent of H> determined by the
GC in %, n = 2 is the number of electrons required for Hz production, F is the Faraday constant in
units of C/mol, and Q is the charge passed during the CPE in units of C.

Quantification of dissolved products NO>  and NH>OH was achieved using colorimetric

methods described below, and dissolved '"NH4" was quantified using NMR spectroscopy as



described below. All quantification of liquid products was conducted within ~1.5 h of the

completion of the CPE experiment. Faradaic efficiencies (FE) were calculated using Equation 6:

CXV o XNXF
QXMW

FE = x 100% (6)

Here, c is the experimentally-determined product concentration in units of g/L, Vel is the electrolyte
volume in units of L, z is the number of electrons required for the product being quantified (n = 2
for NO2~, n = 6 for NHOH, n = 8 for ’NH4"), F is the Faraday constant in units of C/mol, Q is
charge passed in units of C, and MW is the molar mass of the analyte used in the calibration curve
in units of g/mol.

The turnover frequency of the catalyst was calculated by dividing the moles ammonium

produced per second by moles of catalyst determined from ICP-MS using Equation 7:

TOF = — @ XFEnHar (7)

NnF X t X molcqt
Here, Q is the total charge passes in units of Coulombs, FEnns+ is faradaic efficiency for
ammonium as a fraction of 1, » is the number of electrons required for ammonium ( n = 8 for
ISNH4"), t is the time for electrolysis in seconds, F is the Faraday constant in units of C/mol, and
molcat 1s the moles of catalyst determined by ICP-MS. The error in TOF was determined by error
propagation.

t,°>% which was

Detection of Nitrite, NO2". Nitrite was detected using the Greiss reagen
prepared as follows: 6.0 mL H3POs4, 2.0 g of sulfanilamide, and 0.20 g N-(1-
naphthyl)ethylenediamine dihydrochloride were dissolved in 100 mL total volume of ultrapure
water. The Greiss reagent was stored in the dark and cold in a freezer at ~5 °C for up to 3 weeks.
All post-CPE samples were diluted as follows: all samples were diluted 1:10 with 0.1 M pH 6

phosphate buffer except samples obtained from CPEs conducted at —0.55 V vs RHE which were

diluted 1:2, CPEs conducted on unmetallated TPT-coated electrodes which were diluted 1:4, and



CPEs conducted on bare GCEs and drop-casted TPTCrCls which were diluted 1:100. For analysis,
a 2.0 mL aliquot of the diluted post-CPE electrolyte sample was combined with 2.0 mL of the
Greiss Reagent, briefly shaken, and then stored in the dark for 30 minutes. A UV-Vis spectrum
of the resulting solution was collected on a PerkinElmer Lambda 265 UV-Vis Spectrophotometer
with fast mode using ultrapure water as the blank. The absorbance at 548 nm was quantified
against a calibration curve prepared using different concentrations of NaNO> in 0.1 M pH 6
phosphate buffer shown in Figure S5.

Detection of Hydroxylamine, NH;OH. Hydroxylamine was detected using the 8-
hydroxyquinoline method.®! This method involves two solutions prepared as follows: Solution A
was prepared by dissolving 1.0 g of 8-hydroxyquinoline in EtOH to 100 mL total volume, and
Solution B was prepared by dissolving 10.6 g of sodium carbonate in ultrapure water to 100 mL
total volume. Solution A was stored in the dark and cold in a freezer at ~5 °C for up to 3 weeks.
Solution B did not require special storage procedures and was used for up to 3 weeks. Post-CPE
samples were not diluted prior to analysis. For analysis, 1 mL of the post-CPE electrolyte sample
was combined with 1 mL of Solution A and mixed briefly. To this solution was then added 1 mL
of Solution B. After all solutions were added, the mixture was shaken vigorously by hand to
incorporate oxygen into the solution, and then the solution was allowed to sit undisturbed for 60
minutes. A UV-Vis spectrum of the resulting solution was collected on a PerkinElmer Lambda
265 UV-Vis Spectrophotometer with fast mode using ultrapure water as the blank. The absorbance
at 700 nm was quantified against a calibration curve prepared using different concentrations of
hydroxylamine hydrochloride in 0.1 M pH 6 phosphate buffer shown in Figure S6.

A Note on Hydroxylamine Stability. Hydroxylamine solutions are somewhat unstable and

thermally decompose to NH4" and other products, and the rate of decomposition increases with



increasing pH.>® To test hydroxylamine stability under our experimental conditions, we measured
the decrease in hydroxylamine concentration following an NO3™ electrolysis at three different
solution pH (Figure S7). In phosphate buffer solutions at pH 7, only ~70% of the initial NH,OH
concentration remained after 120 min in the electrolyte solution, whereas in more acidic pH 6
electrolytes, ~94% of the initial NH2OH concentration remained on this time scale. Based on these
results, we used pH 6 phosphate buffers for all of our electrochemical NO3™ reduction studies to
ensure that we could accurately quantify NH2OH intermediate products with minimal effects of
NH20H decomposition. In addition, for CPE studies of ’NH>OH reduction, we reduced the CPE
time to 60 min to help ensure that the majority of ’NH4" was from electrochemical reduction and
not thermal decomposition, which is minimal at pH 6 over 60 min.

Detection of ’N Ammonium. All N-containing reactants used in CPE studies were '*N-labeled
to ensure that all NH4" measured was from the electrochemical reduction of the substrate and not
due to adventitious NH4" contamination. '>NH4" was quantified by adapting a previously reported
'H-NMR method for rapid "NH4" detection.®* The following solutions were prepared in advance
and stored in the dark for up to 2 weeks. Solution A was a 50-uM maleic acid solution in DMSO-de
prepared by dissolving 11.6 mg of maleic acid in 50 mL of DMSO, and then diluting a 50-pl
aliquot of the resulting solution with 1.950 mL of DMSO-ds. Solution B was 4.0 M H2SO4 in
DMSO-ds prepared by adding 450 pl of concentrated H>SO4 to 1.55 mL of DMSO-ds. Post-CPE
electrolyte samples were not diluted prior to analysis, except for the samples collected after
I1SNH,OH<HCI CPEs which were diluted 1:4 with 100 mM pH 6 phosphate buffer. A sample
containing 750 pl of DMSO-ds, 125 pl of Solution A, 50 pl of Solution B, and a 125 pl aliquot of
the post-CPE electrolyte sample was prepared in a scintillation vial, and an aliquot of the sample

was introduced into a Bel Bel-Art SP Scienceware Smm O.D. thin-walled precision NMR tube.



The NMR tube was then capped, shaken vigorously by hand, and briefly sonicated (2-3 s) to
remove bubbles formed during the mixing that can interfere with the NMR measurements.

NMR measurements were conducted on a Bruker 600 MHz spectrometer with a Magnex
600/54 active shielded premium magnet with a liquid nitrogen chilled Bruker Prodigy ('H/*’F)-X
broadband probe. 'H-NMR spectra were collected using the lc1pncwps pulse sequence with all
parameters unchanged from the default except the interscan delay (d1) which was set to 1.5 s, and
the number of scans (ns) that was set to 1024 scans. The larger number of scans used in our
measurements as compared to the previously reported method®’ is due to the decreased signal of
the liquid nitrogen cooled probe used in this study compared to the helium cooled probe used in
the previous report.

All "TH-NMR data was worked up in MestreNova version 14.1.2 (Mestrelab Research). First
the spectrum was referenced to the maleic acid peak (6.25 ppm vs TMS). Then, a phase correction
was manually applied followed by a baseline correction using the Whittaker Smoother function
between 7.4 and 6.1 ppm. The NMR spectral peaks were then integrated as follows: the maleic
acid peak between 6.26 and 6.24 ppm, the '’NH4" peak 1 between 7.130 and 7.095 ppm, and the
ISNH4" peak 2 between 7.245 and 7.210 ppm. The ratio of the >N peak areas to the maleic acid
peak area was compared to a calibration curve to determine the concentration of NHs". The
calibration curve was prepared using different concentrations of '"'NH4Cl1in 0.1 M pH 6 phosphate
buffer and can be found in Figure S8, along with a representative NMR spectra of '"NH4Cl
concentration (Figure S9).

Detection of Nitric Oxide, NO. Detection of Nitric Oxide was attempted for CPEs conducted

at —0.75 V vs RHE with stir rate of 750 rpm, and at -0.95 V vs RHE at 250 rpm stir rate, using a

previously reported method.®®> A 40 pm solution of 5,10,15,20-Tetraphenyl-21H,23H-porphine



cobalt(Il) (Co(TPP) in tetrahydrofuran was prepared in a 20 mL vial with a Teflon septum cap in
an N filled glove box. A 5 mL gas sample was taken from batch cells following electrolysis and
injected into the vial via the septum and shaken to incorporate. A UV-vis was taken on this sample
and compared to an equivalently prepared solution of Co(TPP) in THF to look for a shift in the
peak at 524 nm.

Detection of Nitrous Oxide, N2O. Nitrous oxide was detected for electrolysis of Na'>’NO," by
Gas Chromatography Mass Spectrometry (GC-MS). Gaseous samples of the headspace were
measured using a Thermo Scientific Trace 1310 GC system equipped with an ISQ 7000 MS
detector with a He carrier gas. 5S-mL headspace aliquots were injected into a 250uL. sample loop
with a Carboxen 1010 Plot fused silica capillary column configuration, and method involving an
8 min hold time at 45 °C and a 14.75 min ramp to 180 °C. Chromatographs were analyzed using
the Chromeleon Console WorkStation software and replotted using Origin 2022 (OriginLab
Corporation).

Estimating Mass Transport in H-Cells used in CPEs. To quantify the convective mass
transport within the H-cells used in our CPE measurements, we measured the limiting currents for
Fe(CN)¢”~ reduction at different stir rates. Linear sweep voltammograms (LSVs) were measured
using GCE working electrodes mounted into a Pine PEEK shroud assembly, a graphitic rod counter
electrode, and an Ag/AgCI/KCl(sat.) single junction reference electrode externally referenced to
ferrocenecarboxylic acid as described above. The stir bars and stir plates used were the same as
those used for our CPE measurements. The electrolyte was an aqueous solution of 0.010 M
K3[Fe(CN)s] and 0.1 M KClO4 as supporting electrolyte. LSVs and CVs were measured at scan
rate of 50 mV s!. All LSVs were iR compensated at 85% by the Biologic EC-Lab Software.

Typical uncompensated resistance within the H-Cell was Ry, < 100 Q.



Mass transport to the electrode surface within the H-cells was characterized as a function of
stir rate using LSVs of Fe(CN)s>~ from 1.5 V to 0.5 V vs Ag/AgCl/KCl(sat.) (Figure S10). This
potential range is sufficiently negative of the Fe(CN)e>7*" couple (0.23 V vs Ag/AgCl/KCl(sat.),
Figure S11), that we can assume that the currents densities measured in the LSVs are mass-
transport limited. The limiting currents were used to calculate the Sherwood numbers, a

dimensionless metric of convective mass transport, using Equation 8546366

_ kmTel
Sh = tnra @®)

re = 0.25 cm is the radius of the working electrode, D = 0.65 x 10 cm? s is the diffusion
coefficient of ferricyanide in 0.1 M aqueous electrolyte,®” and km is the mass-transfer coefficient

calculated from Equation 9:6>-6%

— Jlim
km T nFc’ (9)

Jiim is the mass-transport limited current density in units of A cm™, n = 1 is the number of electrons
in the Fe(CN)s>4 reduction process, F is Faraday’s constant, and C = 0.01 M is the concentration
of ferricyanide. The Sherwood numbers determined in the H-cell as a function of stir rate are
shown in Figure S12.

For comparison, we also calculated Sherwood numbers for a traditional rotating disk electrode
(RDE) setup for Fe(CN)¢>~ reduction. The RDE measurements were conducted in an 150 mL cell
containing an aqueous solution of 0.010 M Kj3[Fe(CN)g] and 0.1 M KClO4 as supporting
electrolyte. The working electrode was a 0.196 cm? GCE mounted into an E6 Series Change-Disk
RDE assembly and affixed to a Pine Research Instrumentation MSR rotator. The auxiliary
electrode was a graphitic carbon rod (99.999%, Strem Chemicals), and the reference electrode was
an Ag/AgCl/KCl(sat.) single junction reference electrode. = Rotating disk voltammograms

(RDEVs) were measured at a scan rate of 0.05 V/s. All RDEVs were iR compensated at 85% by



the Biologic EC-Lab Software. Typical uncompensated resistance within the H-Cell was R, = 60
Q. Mass transport to the RDE surface was characterized as a function of rotation rate using RDEVs
from -1.5 V to -0.5 V vs Ag/AgCIl/KCl(sat.) (Figure S13). The resulting mass-transport limited
current densities were converted Sherwood numbers as described above are shown in Figure S12.
X-Ray Photoelectron Spectroscopy (XPS) Measurements

XPS measurements were conducted using a Kratos Axis Ultra XPS with a monochromatic Al
Ka X-ray source operating at 10 mA and 14 kV. All XPS data analysis was done using the
CasaXPS version 2.3.17 software package (Casa Software Ltd). Peak positions of the XPS spectra
were referenced to the advantageous carbon peak occurring at 284.8 eV. High-resolution spectra
were collected with a pass energy of 20 eV and a step size of 0.1 eV. To quantify elemental ratios,
peaks in the XPS high-resolution spectra were first fit to symmetric Voight lines shapes comprised
of 70% Gaussian and 30% Lorentzian functions with a Shirley background for Nitrogen and
Chlorine, and 30% Gaussian and 70% Lorentzian functions with a Shirley background for
Chromium and Sulfur. Elemental ratios were calculated by quantifying the total peak area in the

3/2

N 1s region, the Cr 2p”~ peak, the S 2p region, and the CI 2p region, and then dividing by their

respective relative sensitivity factors (as tabulated for the Kratos Ultra XPS instrument).

RESULTS AND DISCUSSION
Synthesis and Characterization of Electropolymerized p-TPTCrCls films

The TPTCrCl; monomer complex was synthesized by first preparing the TPT ligand according
to a procedure adapted from previously reported methods,*® and then metalating with a chromium

salt as shown in Figure 1. The crystal structure of the TPTCrCl; monomer is shown in Figure 2,



and crystal data and structure refinement in Table S1. Full details of the synthetic methods and

full characterization data can be found in the experimental section.

Figure 2. Single crystal structure of the TPTCrCl; monomer complex, based on single crystals
suitable for X-ray analysis grown from acetonitrile/hexanes/diethyl ether. Ellipsoids represent
50% probability. Hydrogen atoms and solvent molecules have been omitted for clarity.
Electropolymerization solutions were 1.0 mM TPTCrCl; in CH>Cl> with 0.1 M nBusNPFg
supporting electrolyte. Higher concentrations of TPTCrCls led to precipitation of the monomer
during electropolymerization. Electropolymerization of the TPTCrCl3 monomer was conducted
in a single chamber cell in a three-electrode configuration with a 0.196 cm? GCE working
electrode, a single junction Ag/AgNO3(1.0 mM with 0.1 M nBuNPF¢)/MeCN reference electrode,
and a carbon rod auxiliary electrode. The GCE working electrode was held at a constant potential
of 1.06 V vs Fc™° until 0.020 C of charge was passed unless otherwise noted (Figure S14).
Electropolymerization can also be achieved via repeated cyclic voltammograms to oxidizing
conditions (Figure S15), but the controlled potential method we used results in more reproducible
polymer films. Note that electropolymerization was successfully achieved using only CH>Cl» as
a solvent, consistent with other studies that show electropolymerization occurs preferentially in

CH2Cl> compared to other common solvents.*3¢°



The electropolymerized p-TPTCrClz was characterized by X-ray photoelectron spectroscopy
(XPS), ICP-MS, and cyclic voltammetry (CV). Representative high-resolution XPS of the N 1s,
S 2p, Cr 2p, and Cl 2p regions are shown in Figure 3. The ratios of the integrated peaks, corrected
for the respective relative sensitivity factors, are shown in Table S3. The XPS results closely
match the predicted elemental ratios based on the TPTCrCl13 monomer. In particular, the measured
N:Cr ratio is 3.23 £ 0.05 compared to a 3:1 predicted ratio, and the measured S:Cr ratio is 2.63 +
0.12 compared to a 3:1 predicted ratio. The XPS results suggest the deposited film has the same
compositional structure as the TPTCrCl; monomer, which is expected for the p-TPTCrCl; film.
The coverage of the film was determined by etching off a freshly deposited electrode with
concentrated nitric acid and measuring chromium content in the post-etch solution by ICP-MS.
The full removal of the catalyst via etching was confirmed using SEM-EDS and showed complete
loss of Cr, N, S, and Cl within the ~0.1 weight % detection limit after exposure to our etching

solution (Table S2). The coverage of TPTCrCl3z molecules within the film was determined to be

5.5+0.7% 10~ mol cm™2 (0.039 £ 0.005 mg cm™?) from ICP-MS analysis of the etching solutions.
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Figure 3. Representative XPS of a p-TPTCrClz film formed from a 0.020 C

electrodeposition.

Electrocatalytic NO3RR by p-TPTCrCls Films

CVs of the p-TPTCrCls film were conducted in a three-electrode configuration in a single
chamber cell with the p-TPTCrCls-modified GC working electrode, a single-junction
Ag/AgCl/KCl(sat.) aqueous reference electrode, and a carbon rod auxiliary electrode with an N»-
saturated 0.1 M pH 6 phosphate buffer as electrolyte. All potentials are referenced to RHE using
the procedure described in the experimental section. Representative CVs of the p-TPTCrCl; film
in the presence and absence of 0.1 M NaNOs are shown in Figure 4.

In the absence of NaNQs, a broad, quasireversible redox feature is observed at ~ —0.35 V vs
RHE that is attributed to two overlapping 1 e~ events associated with the Cr**?* and Cr**"* redox
couples of the TPTCrCl3 units within the film. The coverage of the film was estimated to be 6.7
+ 1.2 x 10°® mol cm™ (0.047 + 0.008 mg cm™) based on the charge associated with this redox

feature, corrected for background (Figure S3), which is in fair agreement with the coverage



obtained by ICP-MS. In the presence of 0.1 M NaNOs, there is a large, irreversible reduction peak
at ~—0.56 V vs RHE attributed to the electrocatalytic reduction of NO3~ by the p-TPTCrCl; film
(Figure 4).

We used cyclic voltammetry to study the effects of pH, buffer concentration, and nitrate
concentration on catalytic activity for the NO3RR by p-TPTCrCls. As the pH is increased from pH
6 to pH 8 in 0.1 M phosphate buffer and with 0.1 M NaNOs3, we observe a decrease in the catalytic
peak height for the NO3RR by p-TPTCrCls with increasing pH. This result suggests that there
may be a kinetic dependence on proton concentration in catalysis (Figure S16). However, as we
increase the phosphate buffer concentration at pH 6, we observe increased catalytic activity with
increasing buffer concentration (Figure S17). We attribute this to higher buffering capacity at
increased phosphate concentration which moderates local pH swings at the electrode during the
catalytic process. Similar effects have been seen in buffer concentration effects of electrochemical
CO; reduction.”

When the nitrate concentration is decreased from 0.1 M to 0.05 M NO3™ in 0.1 M phosphate
buffer at pH 6, we observe a decrease in the catalytic peak current as expected (Figure S18).
However, if we increase the nitrate concentration to 0.2-0.4 M NO3~, we observe a decrease in the
catalytic peak at ~—0.56 V vs RHE and the evolution of a new irreversible redox feature at ~—0.75
V vs RHE. This reductive feature at ~—0.75 V vs RHE is consistent with NO;™ reduction at p-
TPTCrCls (Figure S19). The evolution of this NO>™ reduction peak at high concentrations of p-
TPTCrCl3s suggests that at high NOs™ concentrations there is a fast initial reduction to NOz~, and

then further reduction of NO>™ to more highly reduced products even on the CV timescale.
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Figure 4. Representative CVs of p-TPTCrCl; films in 0.10 M phosphate buffer at pH 6 at a scan rate of
0.1 V/s in the absence and presence of 0.1 M NaNOs. The p-TPTCrCl; film was formed from a 0.020 C

electrodeposition.

To quantify further the activity, reaction selectivity, and product distribution for NOs;~
reduction, we conducted a series of 2-h controlled potential electrolysis (CPE) experiments. CPE
experiments were conducted in a previously described sealed two-chamber electrochemical cell*!
in which the p-TPTCrClz-modified GC working electrode and single junction Ag/AgCIl/KCl(sat.)
reference electrode were located in the first chamber, the carbon rod auxiliary electrode was
located in the second chamber, and the two chambers were separated by a Nafion membrane. The
first chamber also contained a magnetic Fisherbrand Egg-Shaped Bar, and the stir rate was
controlled using a Thermo Scientific RT Touch Series Magnetic Stirrer. All results from the CPE
experiments are summarized in Tables S4-S6.

Note that we used exclusively isotopically labeled '°N species (e.g. "’NOs~, "’NO2", and
SNH,OH) in our CPE experiments to ensure that any NH4" detected was due solely to substrate

reduction and not from adventitious ammonia or catalyst decomposition.’!’* Electrocatalytically-



generated '"’NH4" product was quantified using a cryo-'H-NMR method in which a specific solvent
suppression sequence is combined with pH control of the sample in order to obtain a quantitative
ratio between an internal standard (maleic acid) and the proton doublets specific to '’NH4" % Using
this cryo-'H-NMR method enabled us to obtain quantitative '"NH4" data in 40 minutes.
Representative NMR spectra from this technique are shown in Figures S9, S20. NO>~, NH,OH,

596163 and H» produced from the competitive

and NO were quantified using colorimetric methods,
hydrogen evolution reaction (HER) was quantified using gas chromatography. Calibration curves
for the H-NMR and colorimetric methods can be found in Figures S5-S6, S8.

For all CPE measurements, the p-TPTCrClz films were formed from a 0.020 C
electrodeposition. The potential dependence product distribution of NO;3 reduction by p-TPTCrCl3
film in a 0.1 M phosphate buffer at pH 6 and a stir rate of 250 rpm is shown in Figures Sa-b.
Significant average current density for the NO3RR in the CPE measurements is observed at
potentials more negative than —0.55 V vs. RHE (Figure Sb), consistent with onset potential of the
NO;3RR observed in the catalytic CVs (Figure 4). The highest Faradaic efficiency for NH4"
production measured is FEnns4 = 86 £ 2, achieved at —0.75 V vs RHE (Figure 5a). At potentials
more negative than —0.75 V vs RHE, the Faradaic efficiency for NH4" production decreases due
to the onset of competitive hydrogen evolution. Importantly, the average partial current density
going to NH4" production (jxus) remains constant, suggesting that the competitive HER does not
inhibit the NO3RR. Small amounts of NO>™ and NH,OH were observed at every potential negative
of —0.55 V vs. RHE, but these intermediate products accounted for FE <20%. Attempts to detect

NO after CPEs at —0.95 V vs. RHE showed no detectable NO, suggesting that an NO formed is

below 0.001 M gas concentration (FExo < 5 %).%



To ensure that the NO3RR we measured in our experiments was due to the p-TPTCrClz, we
conducted a series of control experiments, the results of which are summarized in Figure Sc,d and
Table S7. First, we measured the NO3;RR activity and selectivity of bare GCEs without p-
TPTCrCls films. CPEs of these bare GCEs reduced NO3;™ to NO>~ with high partial current density
of jno2 = 3.7 £ 0.6 mA cm™ but produced negligible NHs". We also conducted CPEs with the
unmetalated TPT polymer (p-TPT), and the resulting films showed low activity for the NO3RR of
Jtotal < 0.25 mA ¢cm™, an order-of-magnitude lower than the average current density measured for
NO;:RR by p-TPTCrCls under otherwise identical conditions. This result suggests that the p-TPT
film suppresses any background activity by the GCE, and that Cr incorporation into the film is
necessary for NOsRR activity. Finally, CPEs conducted with p-TPTCrCl; in the absence of NO3™
showed low activity of < 0.30 mA cm™ total average current density and no N-containing products.
In total, the results of these control experiments confirm that all components of the p-TPTCrCl3
film are necessary for active and selective NO3RR to NH4". Note that the low total FE reported
for the CPEs with unmetalated p-TPT in nitrate solution and p-TPTCrCl; in nitrate-free solutions
is attributed to the very low activity of these systems, resulting in H> production near the limit of
quantification of our GC instrument (~0.1% v/v) that leads to large inaccuracy in the measured H>.
We also measured the NO3RR performance of the unpolymerized TPTCrCl; monomer by drop
casting an TPTCrCl; onto a glassy carbon electrode. The loading of the dropcast unpolymerized
TPTCrCls was ~6.7 x 10°® mol cm™, equivalent to the coverage estimation obtained by CVs.
Representative CVs of the TPTCrCls monomer drop-casted at a coverage of 6.7 x 10~ mol cm™
are shown in Figure S21. In the absence of NaNO3s, we observe two quasireversible redox features
in the CVs at ~—0.23 V vs RHE and ~ —0.65 V vs RHE that are attributed to the 1 e~ Cr**?" and

Cr*"* couples, respectively. We believe these two redox features in the CVs from the dropcast



TPTCrCls system in Figure S21 are analogous to the broad redox features observed in the CV of
the p-TPTCrCl3; polymer shown in Figure 4. In the presence of 0.1 M NaNOs, the CV of the
dropcast TPTCrCl; monomer shows an irreversible peak attributed to electrocatalytic nitrate
reduction, albeit with lower current density compared to the polymerized p-TPTCrCl3 system.
The resulting unpolymerized TPTCrCls film reduced NO3s™ to NH4" with FEnma = 27.2 £+ 5%
at —0.75 V vs RHE and 250 rpm stir rate (Figure 5¢), which is much less than the observed FEnn4
= 86 + 2% for the polymerized p-TPTCrCl3 film under identical conditions (Figure 5a). Note that
similar selectivity has been reported for electrocatalytic NO3;™ reduction by homogeneous trans-
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[Cr(cyclam)Clz]" catalysts in aqueous solution.”® These result suggest that incorporation of

TPTCrCls into the polymer framework is necessary to achieve high selectivity for NO3RR to NHj.



Potential Dependence of NO;RR Control NO;RR Experiments
Stir Rate = 250 rpm E=-0.75V vs RHE
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Figure 5. Product distributions from CPE measurements of NO3RR by p-TPTCrCl3 films formed
from a 0.020 C electrodeposition. Unless otherwise noted, all CPEs were conducted in pH 6
phosphate buffer with 0.1 M of "N-labeled substrate for 2 h. (a) Faradaic efficiencies and (b)
average partial current densities for products of ’NOs ™~ reduction as a function of applied potential
at a stir rate of 250 rpm. (¢) Faradaic efficiencies and (d) average partial current densities products
of ’NO;™ reduction control experiments of bare glassy carbon electrode, drop-casted monomer,
and polymerized unmetallated ligand and electrolyses of p-TPTCrClz in 0.1 M pH 6 phosphate
buffer with no added nitrate at a potential of —0.75 V vs RHE and 250 rpm stir rate. All data in

these figures are also included in Tables S4 and S7.



Evidence for a Cascade Catalysis Mechanism for NO3RR by TPTCrCls

Because we observed small amounts of both NO>™ and NH>OH as products in our electrolysis
experiments, we hypothesized that the p-TPTCrCls system may reduce NO3™ via a cascade
catalysis mechanism, in which NO3™ is sequentially reduced through various intermediates to the
final NH4" product, as has been proposed for another NO3RR catalyst systems.”> To test this
hypothesis, we first measured the product distribution for the NO3RR by p-TPTCrClz in CPE
experiments at different stir rates (Figure 6a-b). To make these results cross-comparable with
other cell designs, we also determined the Sherwood number, a dimensionless metric of mass
transport within the cell, at each stir rate. The Sherwood number was determined from measuring
limiting current densities for the reduction of K3Fe(CN)¢ (Figure S12) as discussed in the
Experimental Section.® The Sherwood numbers corresponding to each rotation rate are reported

on the top x-axis of Figure 6a.



Stir Rate Dependence of NO;RR Reduction of Intermediates
E=-0.75V vs RHE E =-0.75V vs RHE, Stir Rate = 250 rpm
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Figure 6. Product distributions from CPE measurements of NO3;RR by p-TPTCrCls films
formed from a 0.020 C electrodeposition. Unless otherwise noted, all CPEs were conducted in
pH 6 phosphate buffer with 0.1 M of *N-labeled substrate for 2 h. (a) Faradaic efficiencies and
(b) average partial current densities products of '’NOs~ reduction as a function of stir rate at
—0.75 V vs RHE. The Sherwood numbers determined at each stir rate are shown in the top x-
axis. (¢) Faradaic efficiencies and (d) average partial current densities for products of the
reduction of 0.1 M "NOs~, 0.1 M ’NO>", and 0.1 M "NH,O0H at —0.75 V vs RHE and a stir
rate of 250 rpm. The CPEs for ’NOs~ and ’NO,~ were conducted for 2 h, and the CPEs for
NH>OH were conducted for 1 h. All data in these figures are also included in Tables S5-S6.



We postulated that at slower stir rates, the various reduced intermediates would be retained
near the electrode surface and undergo further reduction, resulting in larger observed Faradaic
efficiencies for NH4". Conversely, at faster stir rates, we postulated that the reduced intermediates
would be swept from the electrode surface, leading to larger Faradaic efficiencies for NO>™ and
NH>OH. The results shown in Figure 6a are consistent with our hypothesis—there is a decrease
in Faradaic efficiency for NH4" and increase in Faradaic efficiencies for NO,™ and NH,OH as a
function of increasing stir rate.

To test further our hypothesis that NOsRR by p-TPTCrCl; occurs via a cascade catalysis
mechanism, we confirmed that the catalyst film was able to reduce NO,™ and NH>OH, the proposed
intermediates, to the final NH4" product giving Faradaic efficiencies for NH4" of 68.0 + 3.3 for
reduction of ’'NO, and 101 + 5.6 for reduction of "NH>OH. We conducted CPE experiments with
0.1 M NO, and 0.1 M '>NH,OH at —0.75 V vs RHE and a stir rate of 250 rpm in a pH 6 aqueous
phosphate buffer. Note that a shorter 1 hour CPE time was used for reduction of >’NH,OH to limit
the extent of its thermal degradation to 'NH4" and other products under the experimental
conditions.”® We attempted to detect NO after CPEs of '’NO,™ and no NO was detected via the
CoTPP method. However, N2O was detected by GC-MS, showing a fragment with m/z = 46 from
SN>O (Figure S22-24). We hypothesize the N>O is formed from reaction of adsorbed NO or HNO,
which builds up in higher concentration during nitrite reduction.”*” The resulting product
distributions for NO>™ and NH>OH reduction are shown in Figure 6c-d, along with the NO;RR
results under identical conditions for comparison. The p-TPTCrCl3 film was able to reduce both
NO, and NH>OH to NH4" with high Faradaic efficiency (Figure 6¢), providing additional support
that NO2 and NH>OH are possible intermediates for NO3RR. Importantly, p-TPTCrCl; reduces

NO; and NH>OH with higher average current densities than NO3™, suggesting that consumption



of these intermediates occurs at faster rates than their production during the NO3RR. This result
is consistent with a cascade catalysis mechanism with a rate-determining NO3 ™ activation step.'”
The p-TPTCrClz system shows continuous activity for NO3RR during the course of the CPE
experiments. However, there is a ~2-fold decrease in measured current during the course of the
2-h CPE (Figure S25). In addition, CVs measured of TPTCrCls post-electrolysis also show a
change in the voltammetric peaks associated with the p-TPTCrCl; after CPE, and a modest
decrease in catalytic activity for the NO3;RR (Figure S26). Together, these measurements suggest
a modest level of catalyst deactivation occurs during the CPE measurements. To investigate the
reason for this catalyst deactivation, we conducted postmortem characterization of the catalyst film
using XPS and ICP-MS measurements. XPS measurements conducted after the CPE experiments
show a complete loss of Cl signal, and an appreciable decrease in the peak heights for Cr, N, and
S (Figure S26). The loss of Cl in the catalytic cycle during the catalytic cycle is both expected
and necessary to open coordination sites on Cr for substrate binding. However, the loss of Cr, N,
and S peak intensity in the XPS, coupled with a moderate decrease in the S:Cr ratio from the XPS
measurements of the post-CPE p-TPTCrCls films compared to the as-synthesized films (Table
S3), could indicate modest film degradation or delamination during the CPE experiments. There
is also a moderate increase in the N:Cr and N:S ratios by XPS, but interpretation of these results
is complicated by the possible incorporation of residual NO3~ or NH4" in the films post-CPE.
However, the Cr coverage measured by ICP-MS following electrolysis was 6.1 + 0.4 x 1078 mol
cm™, which is statistically analogous to the coverage = 5.5 + 0.7x 107 mol cm 2 measured for as-
synthesized films pre-electrolysis. The ICP-MS results suggest that film delamination is unlikely
to be the main reason for the observed loss of catalyst activity, and instead there may be another

possible contribution to catalyst deactivation such as increased effective local pH within the film



during the reaction.’®®" Additional studies are necessary to determine the mechanism of this
modest catalyst deactivation, and to determine modifications to the p-TPTCrCl; system to prevent
activity loss.

The catalytic activity of p-TPTCrCls for the NOsRR to NH4" is 0.36 £ 0.01 mmol NH4" mgca
"h!and a turnover frequency of 0.07 + 0.01 s' at —0.75 V vs RHE and 0.33 £ 0.01 mmol NH4"
mge ' h'! and a turnover frequency of 0.065 + 0.01 s™! at the more positive —0.65 V vs RHE. For
comparison, most other examples of molecular catalysts for aqueous NO;™ reduction produce less-
highly reduced products such as nitrite (NO2") or hydroxylamine (NH2OH) and/or form NH4" with
comparatively low activity and selectivity (Table S§9).263%73818 One notable exception is a
recently developed graphite-conjugated Fe(DIM) macrocycle (GCC-FeDIM) that is reported to
reduce NO3~ to NH3 with TOF of up to 5.2 s at —1.31 V vs SCE in unbuffered 0.5 M Na,SOs at
pH 6 (~—0.72 V vs RHE).? In addition, Co(cyclam) at Cu electrodes and other coinage metals
has been shown to reduce NO3~ to NH3 with TOF of up to 0.11 s at —1.5 V vs SCE in unbuffered
0.1 M KNO;s solutions (~—0.86 V vs RHE), although we note that the bare coinage metal electrodes

),29-% and Co(cyclam) shows

have high background activity for NO3;RR even without Co(cyclam
almost no activity for NOs~ reduction to NH3 at Hg electrodes.?®*! Nonetheless, the p-TPTCrCls
system is one of the most active molecular catalyst systems reported for selective reduction of

aqueous NOs3~ to NH4" with comparable activity and selectivity to recently reported state-of-the-

art solid-state catalyst systems (Figure 7 and Table S8). *>14°
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Figure 7. Comparison of the NO3RR activity to NH4" by p-TPTCrCl; films from this study (blue
stars) to that of selected previously reported solid-state electrocatalysts (green circles). All data

from this figure along with relevant citations are included in Table S8.

Discussion of Factors Contributing to High NO3RR Activity and Selectivity by p-TPTCrCls

When considering the electrochemical NOsRR by p-TPTCrCls, we suggest that the high
activity, reaction selectivity, and product selectivity for NH4" we observe may be a consequence
of three specific factors of the system. First, the oxophilic Cr active sites may activate NO3™ and
other NOy intermediates via an oxygen atom transfer (OAT) mechanism as illustrated in Figure 8.
In such a mechanism, the reduced Cr(I) active site first reacts with NOx to form a Cr(III)-oxide
intermediate and a NOx.; species, and the resulting Cr(I1I)-oxide is reduced back to the Cr(I) active
species to restart the cycle. A similar mechanism is reported for Mo-containing nitrate reductase
enzymes that selectively reduce NO3;~ to NO> *'*2 and has been suggested as the operative
mechanism for a different homogeneous Cr-based molecular catalyst for NOs~ reduction.’® Such

an electrochemical OAT mechanism is facilitated by oxophilic metal centers that may not readily



form the metal hydrides necessary for competitive HER, and would lead to the observed increased

reaction selectivity for the NO3;RR.
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Figure 8. A possible mechanism for the reduction of NO3™ to NH3 via sequential electrocatalytic

oxygen-atom transfer events.

Second, the oxophilic Cr sites in p-TPTCrCls are incorporated within a polymer framework
that can help suppress competitive HER by controlling proton delivery to the catalyst sites. This
is supported by the control NO3;RR experiments with unmetalated p-TPT which show a large
suppression of overall activity, including HER activity, compared to bare GCEs as shown in
Figure 5c-d. The HER suppression imbued by the p-TPT films is attributed to sluggish proton
transport through the polymer film to the GCE electrode.

Third, the polymer framework in p-TPTCrCl; can help retain NOx intermediates near the
catalyst activity sites, improving selectivity for NH4" over other less reduced products. For

example, an unpolymerized dropcasted TPTCrCls film shows low product selectivity for NH4"



production with FEnu4 ~ 30% as shown in Figure 5c¢. For comparison, the polymerized p-
TPTCrCls shows significantly higher product selectivity for NH4" production with Fexus > 85 %
under identical electrolyte conditions as shown in Figure 5a. We postulate this difference in
selectivity is because the polymer framework in p-TPTCrCls helps retain released intermediates
NO:" and NH,OH near the catalyst sites, thus facilitating their further, stepwise reduction to NH4"
as shown in Figure 8.

We note that although our NO3RR results for p-TPTCrCl; are qualitatively consistent with a
sequential oxygen-atom transfer mechanism, they cannot rule out other possible mechanisms for
the NO3RR by this system. Future spectroelectrochemical measurements and electroanalytical
studies under more precise hydrodynamic control may help further elucidate the precise

mechanism and underlying kinetics of this system.

CONCLUSIONS

We have developed a bio-inspired polymeric Cr catalyst that shows high activity and
selectivity for NO3~ reduction to NHs" with negligible competitive HER. The catalyst likely
operates via a cascade catalyst mechanism, in which NO3™ is sequentially reduced to key
intermediates such as NO>  and NH>OH, and finally to NH4". This work shows that early-
transition metal molecular catalysts in conductive polymer-catalyst composite films can activate
and reduce NO;~ with competitive activity and selectivity to solid-state catalysts and demonstrates
a new paradigm in the development of catalyst-polymer composites with oxophilic metal centers
for the activation and reduction of oxyanions. We note that the high activity and selectivity of the

p-TPTCrCl; catalyst was obtained without the extensive systems optimization and engineering



seen in most other reports of active and selective solid-state catalysts for NOsRR to NH4",
suggesting that there is significant room to improve the p-TPTCrCls system. Future work with p-
TPTCrCls and related systems will include studies to elucidate the mechanism of the modest
catalyst deactivation and improve stability, and to increase active site exposure and overall activity

by electropolymerizing the film onto microstructured and nanostructured supports.
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