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1. Abstract

Electrocatalysis is a promising approach to convert waste nitrate to ammonia and help
close the nitrogen cycle. This renewably-powered ammonia production process sources
hydrogen from water (as opposed to methane in the thermal Haber-Bosch process), but requires
a delicate balance between a surfaces’ activity for the hydrogen evolution reaction (HER) and
the nitrate reduction reaction (NO3RR), influencing Faradaic efficiency (FE) and selectivity to
ammonia/ammonium over other nitrogen-containing products. We measure ammonium FEs
ranging from 3.6+6.6% (on Ag) to 93.7+£0.9% (on Co) across a range of transition metals (TMs;
Ti, Fe, Co, Ni, Nig63Cuo32, Cu, and Ag) in buffered neutral media. To better understand these
competing reaction kinetics, we develop a microkinetic model that captures the voltage-
dependent nitrate rate order and illustrates its origin as competitive adsorption between nitrate
and hydrogen adatoms (H"). NOsRR FE can be described via competition for electrons with
the HER, decreasing sharply for TMs with high work function and correspondingly high HER
activity (e.g. Ni). Ammonium selectivity nominally increases as TM d-band center energy (E.)
approaches and overcomes the Fermi level (Er), but is exceptionally high for Co compared to
materials with similar £4. Density functional theory (DFT) calculations indicate Co maximizes
ammonium selectivity via (1) strong nitrite binding enabling subsequent reduction and (2)
promotion of nitric oxide dissociation, leading to selective reduction of the nitrogen adatom

(N*) to ammonium.
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2. Introduction

Nitrate accumulation represents a growing threat to global drinking water resources and
human health.! At the same time, ammonia production (the largest anthropogenic disruption to
the nitrogen cycle)? emits more carbon dioxide than production of any other commodity
chemical.® Together, this motivates research in technologies that can generate green ammonia,
preferably circularly by upgrading waste forms of nitrogen.* Electrochemical reduction offers
a scalable, distributable, and increasingly economical® technology for the upgrading of waste
nitrate to value-added products (ammonium®-® and hydroxylamine®) or benign dinitrogen gas.!”

Nitrate reduces to ammonium by a complex 8-electron and 10-proton process. In the rate-
limiting step, adsorbed nitrate reduces to nitrite.!® Nitrite is the predominant side product in

neutral and alkaline electrolytes,!!"!°

reducing further to nitric oxide when remaining adsorbed
on the surface (and more complex products when present in the aqueous phase!®). Nitric oxide
serves as a critical intermediate in determining selectivity between nitrogen/oxides and
ammonium or hydroxylamine.!” Mechanistically, adsorbed nitric oxide (NO®) forms
ammonium by one of two pathways: (1) Eley-Rideal like proton-coupled electron transfer
(PCET) reducing NO* to hydroxylamine (NH,OH") and further to ammonium;'® or (2)
dissociation of NO* into N* and O adatoms and subsequent Langmuir-Hinshelwood like
hydrogenation of N* by H* to ammonium.!%!”

Despite these complexities, recent electrochemical NO3;RR literature has demonstrated

appreciable FE and selectivity to ammonia in highly alkaline electrolytes. For example,
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strained Ru nanoparticles—where Ru?*?! is a benchmark thermal Haber Bosch catalyst—have
achieved 100% FE at potentials as cathodic as -0.2 V vs the reversible hydrogen electrode
(RHE), albeit at high nitrate concentrations (1 M).¢ First row transition metals such as Co??%3
and alloys including NiCu’ have also demonstrated high FE. However, while such examples
exist under alkaline pH, a fundamental understanding of the physicochemical factors driving
NO;RR selectivity towards ammonium is lacking, particularly in the circumneutral pH range
expected of most wastewaters, 2423

Here we investigate electrocatalytic NO3;RR activity and selectivity at low conversion for
a series of polycrystalline 3d (Ti, Fe, Co, Ni, NigsCuo32, and Cu) and 4d!° (Ag) transition
metal foils (TMs) in buffered sodium phosphate electrolyte (pH 7; NaxH3.«POs). Trends
between phosphate-mediated HER activity and H chemisorption energy?® correspond with the
familiar Sabatier relationship between HER exchange current and metal-H” bond strength,?”-28
providing an in-situ probe of H* affinity for different TM surfaces. Microkinetic modeling of
the competition between the HER and NO3;RR captures experimentally observed potential-
dependent nitrate rate order, where peak rate order magnitude and potential are well-described
by the difference in H* and nitrate adsorption free energies (AGy, — AGpojz+)- The HER and
NOs3;RR compete for electrons, where HER activity descriptors (TM work function by
photoemission®® and H chemisorption energy?$-®) play key roles in describing NOsRR FE. The

d-band model*® provides a fundamental understanding of the relationship between TM

electronic structure and nitric oxide adsorption energies, describing to a first order the increased
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selectivity towards ammonium as the TM E,; approaches Er. Selectivity can be further
explained by the differences in calculated reaction free energies for nitrite reduction
(AGNO* — AGNOZ—*) and nitric oxide dissociation (AGy,;0« — AGyg+), Where Co is an optimal
catalyst for both of these selectivity-critical reaction steps. Together, the physicochemical
parameters of work function, H chemisorption energy, and Es vs Er provide intrinsic
electrocatalyst design parameters for the selective production of green-ammonium from waste

nitrate.

3. Methods
We quantify the formation of nitrite and ammonium, the two primary products at the pH

and low conversions measured here,!!~1°

over a series of commercial polycrystalline TM foils
at a range of potentials as detailed in the Supplemental Information (SI). To better control
nitrate conversion as a variable, a fixed charge is passed per nitrate anion (0.2 or 0.04 ¢/NO3"),

corresponding to maximum 10 or 2% conversion of nitrate assuming 100% FE towards nitrite.

Additional methodologies for activity, selectivity, and DFT calculations are provided in the SI.

4. Results
4.1. Role of H chemisorption energy and HER on NO3RR activity
We first probe the ability of TM foils to abstract protons from phosphate anions with cyclic

voltammetry (CV, Figure 1a and S1). Phosphate-mediated HER (Figure 1a, black dashed lines)
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is observed as a mass-transfer limited peak at potentials less-cathodic than water-dissociation
(Figures S1 and S2), where protons are easier to extract from phosphate anions than from
water.3! The comparable mass-transfer limited current density (ca. 2 mA/cm?seo; Figure S1)

across TMs indicates similar roughness except for the lower-roughness Ag and Co.
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Figure 1. (a) CV collected at 10 mV/s in quiescent 0.1 M NaxH3xPO4 in the absence (dashed black trace) and
presence (solid colorful trace) of 0.1 M NaNOs for denoted TM foils. CVs offset for clarity with mass-transfer
limited phosphate-mediated HER (squares) and nitrate reduction (circles) denoted. Potential at mass-transfer
limited (b) phosphate-mediated HER (E — iR @ jpeat,po+-rer) and (c) nitrate reduction (E — iR @ jreak,No3rr) in the
presence of 0.1 M NaNOj3, both plotted against H chemisorption energy from Ref. 26. E — iR @ jpear,no3rr for Co

and Fe are from inflection points (minimum in differential current with respect to voltage) as surrogate for

potential at peak current. Data for H chemisorption energy adapted from Ref. 26 and interpolated for Nio.csCuo.32

(denoted as light blue NiCu) as the sum of molar fractions from Ni and Cu.

The potential at peak phosphate-mediated HER (E — iR @ jpear ro+-HER; squares in Figure

la) exhibits a volcano-style trend with literature H chemisorption energies (Figure 1b),
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mirroring the well-known relationship between HER exchange current and H chemisorption
energy in acidic electrolytes (Figure S3a).?*28 HER activity on TMs binding H weakly (e.g.
Ag, Cu) is limited by proton adsorption, while TMs binding H strongly (e.g. Fe, Ti) are limited
by H-H bond formation kinetics.*> HER activity is also well-described by work function,?
where higher work function TMs (e.g. Ni and other Group X TMs) demonstrate greater HER
activity than those of lower work function TMs (Figure S3b).28

For CVs in the presence of 0.1 M sodium nitrate (Figure 1a, solid lines), nitrate reduction
current becomes apparent at potentials nominally less-cathodic than HER (Figures S4 and S5).
NO;RR current manifests as either a shift in the phosphate deprotonation peak to less cathodic
potentials (e.g. Ni), or as a second mass-transfer limited peak (e.g. Ag). A Nernstian shift in
peak potentials to less-cathodic potentials occurs with increasing logarithmic nitrate
concentration (Figure S6).

For first-row (3d) TMs, mass-transfer limited nitrate reduction potentials (Figure 1c, E —
iR @, jpear No3rR) are the least-cathodic for TMs binding H" slightly weaker than Ni (e.g. Co and
Nio.6sCuo.32). Alloying weak H*-binding Cu with Ni (e.g. Nig.6sCuo 32, denoted NiCu) also shifts
NO3RR onset to less-cathodic potentials than either terminal monometallic composition,
consistent with literature in alkaline electrolyte.” In contrast, TMs binding H" strongly (e.g. Fe,
Ti) have considerably more-cathodic mass-transfer limited nitrate reduction potentials (Figure
Ic and S6), suggesting that strong H chemisorption energy leads to sluggish PCET and

hydrogenation kinetics for the NOs;RR.
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4.1.1.Microkinetic modeling of potential-dependent nitrate rate order

We next measure nitrate rate order experimentally (Figures S7 and S8) and develop a
microkinetic model demonstrating the impact of competition between nitrate and H* on NOsRR
activity (Figure 2). This model describes how thermodynamic and kinetic parameters drive the
rate-limiting steps of the HER* and NOsRR. Here we highlight modelling results of three TMs
along the weak H chemisorption arm of Figure 1b (e.g. Cu, Ni, and NigssCuo.32, see SI for
model details and experimental nitrate rate order for additional TMs, Figure S8).

For TMs binding H* weakly (Figure 1b), nitrate rate order exhibits a potential-dependent
peak (Figure 2a), reminiscent of a competitive Langmuir-Hinshelwood mechanism.** We
therefore hypothesize that this peak shape originates from competitive adsorption between H”
and nitrate. Increasing H chemisorption energy corresponds to a decreased peak rate order
magnitude and shift to less-cathodic potentials. These experimental rate-order profiles are well-
described by our microkinetic model (Figure 2b), assuming reduction of adsorbed nitrate to
nitrite is rate limiting (via sequential PCET and/or hydrogenation, equations S19-S21)!° and
describing HER kinetics (equations S7-S15) following the work of Shinagawa et al?’
Agreement between experimental (Figure 2a) and modeled (Figure 2b) nitrate rate order versus
potential can be achieved by changing only the thermodynamic parameters reflecting the
difference in AGy. — AGyos. (X — log[KH/KNOE]), where AGy. — AGyo;. of Cu is greater

(lower relative H" affinity, Figure 1b) than that of Nig.¢sCuo.32 and Ni.
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Figure 2. (a) Experimentally measured and (b) microkinetically modelled potential-dependent nitrate rate order,

measured by steady-state chronoamperometry in 0.1 M NaxH3 xPO4 with a series of sodium nitrate concentrations

(Figure S7) for Cu (golden), NioesCuos2 (light blue), and Ni (orange). Error bars in (a) denote one standard

deviation from the average of at least three (n = 3) separate measurements. Only thermodynamic parameters

(AGy. — AGpos.) in (b) are adjusted as denoted to achieve agreement; see Table S1 for additional model

parameters. (c) Potential-dependent fractional H* (black dashed) and nitrate (fuchsia solid) coverage for a series

of H" to nitrate adsorption coefficients (Kx:Knos) denoted by increasingly light shades in order of 1077, 1075, 1073,

1071, and 10'. (d) Nitrate rate order for a series of Ki:Knos denoted by increasingly light shades of grey in order
of 103, 1073, 107!, and 10",

The potential at maximum rate order (Emax rae) serves as a direct indicator of AGy, —
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AGyo;« for TM surfaces (Figure S13). Potential-dependent nitrate coverage is implicitly
derived from a competitive adsorption isotherm with H* (equations S13 and S18; Figure 2c¢).
At potentials where H" coverage is low (E >> HER), modeled nitrate coverage is defined by
the material-dependent nitrate adsorption coefficient (Kyo; ) and the activity of solution-phase
nitrate anions (ay,; , approximated here as concentration; equation S18). H", having explicitly
potential-dependent coverage (equation S13), displaces nitrate at increasingly cathodic
potentials, where the potential with equivalent H* and nitrate coverage (0y = Onos ) 18
proportional to AGy. — AGyo;. (Figure S10). Further, Emax raie coincides with the potential
where 0y = Oyo; (Figure S10), providing optimal reactant coverages to facilitate Langmuir-
Hinshelwood-like nitrate reduction mechanisms (equations S20 and S21). As the potential
where 6y = Oyo; shifts cathodically with increasing AGy. — AGyo;. (Figure 2¢), rate order
magnitude increases (Figure 2d) due to the exponential dependence of nitrate reduction on
overpotential (equations S19-S21, Figure S13c). This provides a physical interpretation of why
AGy. — AGyo;. dictates both Epmax rare and rate order magnitude, while the ratio of kinetic

parameters (reaction rate constants; knosrr:kuer) only controls magnitude (Figure S13b).

4.2. NO3RR FE and selectivity to ammonium: dependence on bulk electronic structure
We first introduce potential-dependent NO3;RR FE and ammonium selectivity data for Cu
and Ni foils (Figure 3), expanding to include the role of alloying in this system (Figure 4) and

additional monometallic TMs (Figures 5 and 6). Cu demonstrates appreciable (>70%) NO3RR
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FE at potentials prior to the onset of water-dissociative HER (>-0.6 V vs RHE; Figure 3a).
Within this range of potentials, the majority of charge passed to nitrate results in formation of
nitrite with a minority fraction designated to ammonium formation (ca. 10-20%). However, the
onset of water-dissociative HER (CV at top of Figure 3a) increases selectivity towards
ammonium at the expense of total NOsRR FE (< -0.6 V vs RHE), suggesting elevated H"

coverage mediates hydrogenation of reduced nitrogenous species (NOx,ads).
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Figure 3. Top: CVs of (a) Cu and (b) Ni collected at 10 mV/s in stirred 0.1 M NaxH3.xPOs in the absence
(dashed black lines) and presence (solid lines) of 0.1 M NaNOs. Top of panel denotes 0 mA/cm?geo with 8
mA/cm?ge, scale bar for reference. Bottom: FE to nitrite (red bars) and ammonium (purple bars) for (a) Cu and
(b) Ni foils after passing 0.2 (solid) or 0.04 ¢/NOs" (hatched) by 85% iR-corrected chronoamperometry in
stirred 0.1 M NaxH3«PO4 with 0.1 M NaNOs. Error bars denote one standard deviation of the average of at least

three (n = 3) separate measurements.
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In contrast to Cu, Ni demonstrates poor NO3RR FE (10-15%) across the range of potentials
measured here (Figure 3b). A qualitative assessment of CVs in stirred electrolyte (top panels
of Figure 3) reinforce this observation, where the ratio of current in the presence and absence
of nitrate on Ni is much lower than that of Cu. However, electrons contributing to NO3;RR on
Ni primarily form ammonium (50-90%). Ammonium selectivity on Ni decreases with
increasingly cathodic potentials, unlike all other TMs measured here (Figures S16 and S17).
This suggests adsorbed H" are more likely to form dihydrogen than to hydrogenate nitrate as
cathodic potential is increased, or that mass-transfer limited phosphate deprotonation (top panel
of Figure 3b) hinders the formation of proton-rich ammonium (10 H/NH4" from nitrate).

As discussed in the Introduction section, the ammonium-formation mechanism abides by
one of two pathways: PCET of associatively-adsorbed NO™ (Ref. 18) or dissociative adsorption
of nitric oxide and subsequent hydrogenation of N* adatoms by H".!®!° Activation of a
Langmuir-Hinshelwood like NO* hydrogenation pathway (e.g. NO* + H") may explain the
source of enhanced ammonium selectivity on Cu at HER-relevant potentials. Nitric oxide

),>33¢ where ammonium

adorbs associatively on low H" chemisorption energy Cu (Figure S18
formation by PCET is likely predominant, only activating the Langmuir-Hinshelwood
mechanism after appreciable H" coverage is achieved (e.g. cathodic of HER onset). In contrast,

Ni— preferring dissociative>-3

nitric oxide adsorption—Iikely only forms ammonium by a
Langmuir-Hinshelwood like N* adatom hydrogenation, where our rate-order analysis and

microkinetic modelling indicate high H” affinity at all potentials measured here.
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4.2.1. Tailoring electronic structure towards ammonium selectivity by alloying
Motivated by the high ammonium selectivity of Ni and NO3RR FE of Cu, we next consider
the FE and selectivity of a Nipe3Cuo32 alloy. In circum-neutral electrolyte, Nio.ssCuo32 foil
demonstrates potential-dependent NO3RR FE (Figure 4a), and selectivity towards ammonium
(b), nominally intermediate of the two terminal compositions (e.g. Cu and Ni). Similar to Cu,
Nio.68Cuo32 demonstrates appreciable (ca. 70-80%) FE at potentials less-cathodic than the onset
of HER (>-0.6 VruEg), though has much greater selectivity towards ammonium (ca. 40-60%) at
comparable potentials. Selectivity towards ammonium increases at the expense of FE with the
onset of HER (-0.6 VruE), similar to observations on Cu of potential-dependent competition
between nitrate reduction intermediates and H" for surface sites and NO3RR and HER for
electrons. Note, the larger error bars of Nig.ssCuo 32 relative to Ni or Cu may result from

differences in surface composition resultant from surface preparation (see SI methods).
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Figure 4. (a) NO3RR FE and (b) ammonium selectivity for Cu (golden), Ni (orange), and Nio.csCuo.32 (light blue)
measured by 85% iR-corrected chronoamperometry to 0.2 (closed) or 0.04 (open symbols) €/NOs™ in stirred 0.1
M NaxH3xPOs with 0.1 M NaNOs. Shaded bars denote the potential window where HER becomes competitive
with NOsRR, and is used to compare NO3RR FE and selectivity to ammonium for all TMs in Figures 6 and 7.

Error bars denote one standard deviation of the average of at least three (n = 3) separate measurements.

4.2.2.Dependence of intermediate adsorbate energy on TM electronic structure

We propose selectivity towards ammonium is greater on surfaces favoring dissociative
nitric oxide adsorption and subsequent N* adatom hydrogenation by H" (Figure 3 and 4). Here
we discuss the relationship between nitric oxide adsorption and dissociation energies and TM
electronic structure by DFT. We limit our discussion to elements in metallic state under the
NOs3RR conditions considered here, with consideration of Ti (uncertain surface oxidation
state)’”-3® in the SI (Table S3).

Our theoretical calculations identify nitric oxide free energy of adsorption (AGyo.)
becomes more negative as TM Ejy approaches Er (Figure 5a), in-line with descriptions of other

simple adsorbates.’*¥4° Dissociation activation barriers decrease with reaction enthalpy

Page 15 of 28



10
11
12
13
14
15
16

17

(A(Envyo+ — Enos)) and E4 vs Er (Figure S22), in-line with Brensted-Evans-Polanyi (BEP)
scaling relationships.’®*! This suggests preferential associative adsorption on weak-binding
TMs (e.g. Ag and Cu; AGyg. < AGy.40.) and dissociative adsorption on strong-binding TMs
(e.g. Nig6sCuo.32, Ni, Co, and Fe; AGyp. > AGp.40+), In line with prior literature on stepped
surfaces (Figure S18) and in vacuo single crystal adsorption studies.’>*® Assuming N* can only
be hydrogenated to ammonium as a terminal reduction product, this increased preference
towards dissociative nitric oxide adsorption could lead to enhanced selectivity towards

ammonium on TMs where Ey approaches and overcomes Er.
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Figure 5. (a) Free energy of associative (circles with short black dashes) and dissociative (squares with long orange
dashes) nitric oxide adsorption against E«vs Er for denoted TM surfaces. (b) Reaction free energies (AG,.,) of
nitrite reduction to nitric oxide (circles with thick black lines) and nitric oxide dissociation (squares with thin grey
lines) against Eu vs Er for denoted TMs. Dashed grey line in (b) denotes zero reaction free energy for clarity. The
lowest energy surfaces for each crystal structure were used for calculation: fcc(111), bee(110), or hep(0001).42 T
Data for Eu vs Er adapted from Ref. 30.
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Understanding the material-dependent driving force for nitrite (the predominant NO3RR
side-product in neutral and alkaline electrolytes)'!"!> reduction may shed further light on trends
in ammonium selectivity. We next compare the calculated free energy difference between
nitrite and nitric oxide (A(GNO* - GNOZ—*), Figure 5b circles). Deoxygenation is assumed to
occur by PCET common across all catalysts and is treated here by including 2 Oz as a product
in the reaction free energy difference; i.e. NOy™ = NO™ + % O,. The free energy of nitrite
adsorption (AGNOZ—*) scales with both that of associative (AGyp.) and dissociative
(AGy+40+) nitric oxide adsorption (Figure S23), in-line with scaling relationship for molecules
of similar functionality.*> As E; approaches Er, A(GNO* — GNOZ—*) becomes increasingly
negative up to Ni, then increases for Co and Fe. Assuming the BEP relationship holds for

electrochemical reduction of nitrite to nitric oxide,*

a more negative A(GNO* - GNOZ—*)
would then correspond to a lower activation barrier, increasing the preference towards nitrite

reduction to nitric oxide (and possibly further to ammonium) over desorption.

4.2.3.Role of electronic structure on selectivity towards ammonium

Informed by results from the Ni-Cu system (Figure 4) and theoretical calculations (Figure
5), we expand our study to consider the role of TM electronic structure (work function® and
Eq vs EF% and H" affinity (H chemisorption energy?®) on NO3;RR FE and selectivity to
ammonium. We focus our discussion on potentials with nominal competition between HER

and NOsRR (-0.4, -0.5, and -0.6 Vrug; Figures 6 and 7), with data for additional potentials
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provided as Figures S16 and S17 and Table S2.

Considering NO3RR FE and ammonium selectivity graphically provides a simple means
to identify promising electrocatalysts (Figure 6), which appear increasingly towards the upper-
right. TMs such as Cu and Ag, while demonstrating appreciable NO3;RR FE, provide poor
selectivity to ammonium. At increasingly cathodic potentials, selectivity towards ammonium
does increase for these TMs, though at the cost of NO3RR FE (Figures S16 and S17).
Alternatively, TMs such as Ni and Ti demonstrate the opposite behavior: providing high
selectivity towards ammonium with low NO3RR FE. Optimally, Fe and (in particular) Co

demonstrate both appreciable NO3RR FE and selectivity towards ammonium.
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Figure 6. NOsRR FE against selectivity to ammonium for a series of TM foils, measured in stirred 0.1 M
NaxH3xPO4 with 0.1 M NaNO; by 85% iR-corrected chronoamperometry to 0.2 ¢/NO;™ at -0.4, -0.5, and -0.6
VreE (denoted).

As NOs3RR FE represents electron selectivity between HER and nitrate reduction, it is best
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described via H" affinity towards TM surfaces and the associated electronic descriptor of work
function (Figure 7a and Figure S20). NOs;RR FE is appreciable (>70%) for TMs with a broad
range of work function and low-to-intermediate H chemisorption energy (e.g. Ag, Cu, Co, Fe),
but drops for TMs with either high work function (e.g. Ni, Figure 7a) or high H chemisorption
energy (e.g. Ti, Figure S20). Ni (and NioesCuo32) has the greatest work function, and
consequently greatest HER activity (Figure S3),?® of the TMs investigated here, demonstrating
poor NO3RR FE due to facile H-H coupling kinetics. In contrast, low work function Ti has the
strongest H chemisorption energy, providing H'-saturated surfaces that impede nitrate
adsorption and/or hydrogen bond formation kinetics (i.e. PCET or hydrogenation).2%2%38% The
dependence of nitrate rate order on AGy, — AGyo; . discussed in Section 4.1.1 may provide
additional context for understanding the relationship between NO3;RR FE and work function
as a future direction for the field. Differences in NO3RR FE are expected to be more

pronounced for lower nitrate concentrations typical of e.g. groundwater (~1.5 mM).67:11.23:45
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Figure 7. (a) NOs;RR FE against work function and (b) selectivity towards ammonium against £z vs Er for
denoted TM foils measured by 85% iR-corrected chronoamperometry to 0.2 ¢/NOs™ at select potentials (-0.4,
-0.5, and -0.6 VruE; denoted), except for Ti where -0.7 Vruk is used to obtain sufficient current. Lines to guide

the eye. Ti is excluded from (a) due to uncertainties in work function®>

and surface termination (e.g. oxidation
state or presence of hydrides),?”® but is included in Figure S20 for reference. (c) Selectivity to nitrite at -0.4 and
-0.5 Ve against calculated reaction free energy for nitrite reduction to nitric oxide. (d) Selectivity to
ammonium at -0.4 and -0.5 Vrue against calculated reaction free energies of nitrite to nitric oxide (circles) and
dissociated N* and O" adatoms (squares), with lines to guide the eye. Error bars denote one standard deviation of
the average of at least three (n = 3) separate measurements. Potential-dependent average and standard deviation
of selectivity to ammonium for Co overlaps within the size of the symbols used (see Table S2). ° T Data for work
function adapted from Ref. 29 and Eu vs Er from Ref. 30, with values (a,b) for Nio.csCuo .32 interpolated from

literature values for Ni and Cu.
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We next consider the role of TM E4 vs Er on selectivity towards ammonium (Figure 7b).
For TMs with E; well below Er (e.g. Cu, Ag) selectivity towards ammonium is very low
(typically <20%), though increases with H* coverage under more cathodic applied potentials
(Figures S16 and S17). In contrast, selectivity towards ammonium is nominally high for E4
approaching Er (e.g. Ni, Co, Fe), remaining high for TMs with E; well above Er (e.g. Ti). This
observation can be explained by the d-band model:**#"*® the antibonding molecular orbital
formed between adsorbed nitric oxide and the TM surface becomes increasingly unoccupied
as E4 approaches and overcomes Er , manifesting as stronger binding (more negative AGy.)
and a preference towards dissociative adsorption (AGy.io+« < Gyno«, Figure 5). Increased
ammonium selectivity for TMs that favor NO dissociation leads us to propose that N*
selectively forms ammonium at the potentials considered here. While the d-band model
includes an adsorption energy penalty proportional to the overlap integral squared (V2;), we
find tabulated values of V2; do not describe well the trends in either NOsRR FE (Figure S20)
or selectivity towards ammonium (Figure S21), suggesting Eys vs Er predominates this
description.

While the d-band model provides a first approximation for understanding trends in
ammonium selectivity, the ammonium selectivity of Co is exceptionally high (>95%) across
the range of potentials measured here (-0.2 to -0.7 Vrug; Figures S16 and S17) compared to
materials of similar £, vs Er. To better understand the exceptional ammonium selectivity of Co

we consider the calculated reaction free energies of nitrite reduction to nitric oxide and its
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further dissociation (Figure 7c,d). Selectivity to nitrite nominally decreases as A(GNO* —
G No;*) decreases (Figure 7c). However, while nitrite reduction is more favorable on Ni than
Co, Ni demonstrates a poorer ammonium selectivity than Co. In this case, Ni has a much lower
driving force for nitric oxide dissociation than Co (Figure 5b), where we hypothesize N*
selectively reduces to ammonium at the potentials considered here. In contrast, while nitric
oxide dissociation is more favorable on Fe compared to Co, nitrite reduction on Fe is less
favorable (Figure 5b), resulting in greater nitrite selectivity. This explanation produces a
Sabatier-like trend where ammonium selectivity is determined by the free energy of nitrite
reduction to either nitric oxide or dissociated N* (Figure 7d): materials with insufficient driving
force for either nitric oxide dissociation (e.g. Ag, Cu, Niop.ssCuo.32, Ni; Figure 5b) or nitrite
reduction (e.g. Fe) provide sub-optimal ammonium selectivity. Thus, Co represents an
optimum where nitric oxide is bound strong enough to prefer dissociation while still
maintaining an appreciable driving force for nitrite reduction.

Coupled with our broader understanding of design principles across the range of TMs
considered here, these findings suggest that the work function, H chemisorption energy, and Eq
vs Er of Co may serve as optimal catalyst activity and ammonium selectivity design targets.
Development of materials spanning the phase space around Co (e.g. NiixFex, CoixFex or
Co1xNix alloys) may provide a more discrete understanding of this local optimum electronic
structure while shifting towards catalysts with greater earth abundance.*’ Further, the onset

potential of NO3;RR on Co could be enhanced by alloying with other highly-active TMs (e.g.

Page 22 of 28



10

11

12

13

14

15

16

17

18

19

20

Co1-xCuy alloys),” pairing with metal oxides with greater nitrate affinities,!! or tailoring cation

composition and strength within the electrolyte.>

5. Conclusions

We have investigated the NO3;RR on a series of polycrystalline TM foils in neutral,
buffered (0.1 M NaxH3.xPOs) electrolyte, identifying physicochemical parameters that govern
both activity and selectivity towards ammonium. Motivated by periodic trends in H* affinities
and NO3;RR mass-transfer limited potentials, we derived a microkinetic model describing rate-
limiting nitrate reduction to nitrite by a combination of hydrogenation and PCET. Potential-
dependent nitrate rate order manifests from a competitive adsorption between H* and nitrate,
and is well described in our microkinetic model by the material-dependent AGy. — AGyoy; ..

NO;RR FE originates from competition with HER and is thus well described by HER
activity descriptors: high work function TMs demonstrate appreciable HER activity at the
detriment of NOsRR FE, while FE is limited on TMs binding H" strongly. DFT calculations
demonstrate an increasing preference for nitric oxide binding and subsequent dissociation as
Eq approaches Er, commensurate with increasing ammonium selectivity, reaching a maximum
for Co. However, selectivity decreases for Fe, attributed to reduced driving force for nitrite
reduction to nitric oxide. These results identify competing design considerations — linking
electronic structure to mechanistic selectivity-limiting steps — offering strategies to improve

existing catalysts and design new alloy compositions for NO3;RR to ammonium.
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