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processes. However, electrocatalysts require a delicate balance between a surfaces’ activity for
the competing hydrogen evolution (HER) and nitrate reduction reactions (NO3;RR). We
measure ammonium Faradaic efficiencies (FEs) of several transition metals (TMs) ranging
from 3.6£6.6% (on Ag) to 93.7+£0.9% (on Co) in neutral buffered media. A microkinetic model
identifies competitive adsorption between nitrate and hydrogen adatoms (H") as the origin of
voltage-dependent nitrate rate order. NO3RR FE is described via competition for electrons with
the HER, decreasing sharply for TMs with high work function or hydrogen adsorption energy.
Density functional theory calculations indicate Co maximizes ammonium selectivity by: (1)
binding intermediate nitrite strongly to enable subsequent reduction; and (2) promoting

subsequent nitric oxide dissociation, leading to selective reduction of nitrogen adatoms (N”) to

ammonium.

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
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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

11-15

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

17

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,

20,21

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
22,23

(RHE), albeit at high nitrate concentrations (1 M).® First row transition metals such as Co

and alloys including NiCu’ have also demonstrated high FE. However, while such examples
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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.®?+2

Here we investigate electrocatalytic NO3RR activity and selectivity at low conversion for
a series of polycrystalline 3d (Ti, Fe, Co, Ni, NigesCuo32, and Cu) and 4d'° (Ag) transition
metal foils (TMs) in buffered sodium phosphate electrolyte (pH 7; NaxH3.xPO4). 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,?”-8
providing an in-situ probe of H" affinity for different TM surfaces. Microkinetic modeling of
the competition between the HER and NO3RR 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, — AGyo;z+)- The HER and
NOsRR 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
selectivity towards ammonium as the TM d-band center energy (£4) approaches the Fermi level
(EF). Selectivity can be further explained by the differences in calculated reaction free energies
for nitrite reduction (AGNO* - AGNOZ_*) and nitric oxide dissociation (AGp.+0+« — AGnos)s

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
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provide valuable electrocatalyst design parameters for the selective production of green-

ammonium from waste nitrate.

3. Results
3.1. 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)
is observed as a mass-transfer limited peak at potentials less-cathodic than water-dissociation
(Supplementary Figures 1 and 2), where protons are easier to extract from phosphate anions
than from water.>! The comparable mass-transfer limited current density (ca. 2 mA/cm?geo;
Supplementary Figure 1) across TMs indicates similar roughness except for the lower-

roughness Ag and Co.
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Figure 1. (@) CV collected at 10 mV/s in quiescent 0.1 M NaxHs.«xPO4 in the absence (dashed black trace) and
presence (solid colorful trace) of 0.1 M NaNO3 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 @ jpeak,pos-Her) and () nitrate reduction (E — iR @ jreak No3rr) in the
presence of 0.1 M NaNOs, both plotted against H chemisorption energy from Ref. %, E — iR @ jreak 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 Nig.ssCuo s
(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,pos-nER; squares in Figure
la) exhibits a volcano-style trend with literature H chemisorption energies (Figure 1b),

mirroring the well-known relationship between HER exchange current and H chemisorption
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energy in acidic electrolytes (Supplementary Figure 3a).26-2® 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 (Supplementary Figure 3b).?

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 (Supplementary
Figures 4 and 5). NOs3RR 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 (Supplementary Figure 6).

For first-row (3d) TMs, mass-transfer limited nitrate reduction potentials (Figure lc, 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. Nio.¢sCuo 32, denoted NiCu) also shifts
NO:;RR 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 NOsRR.
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3.1.1. Microkinetic modeling of potential-dependent nitrate rate order

We next measure nitrate rate order experimentally (Supplementary Figures 7 and 8) and
develop a microkinetic model demonstrating the impact of competition between nitrate and H*
on NO3RR activity (Figure 2). This model describes how thermodynamic and kinetic
parameters drive the rate-limiting steps of the HER?? and NOs;RR. Here we highlight modelling
results of three TMs along the weak H chemisorption arm of Figure 1b (e.g. Cu, Ni, and
Nio.68Cuo.32, see SI for model details and experimental nitrate rate order for additional TMs,
Supplementary Figure 8).

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, Supplementary equations 19-
21)!% and describing HER kinetics (Supplementary equations 7-15) 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. (¢ — log[KH / KNog]), where AGy. —

AGyo;« of Cuis 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 NayxHs.xPO4 with a series of sodium nitrate concentrations
(Supplementary Figure 7) for Cu (golden), NiossCuo.32 (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. — AGyo;.) in (b) are adjusted as denoted to achieve agreement; see Supplementary Tablel 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 (Ku:Knos) denoted by increasingly light shades in
order of 107, 105, 103, 10, and 107 (d) Nitrate rate order for a series of Kn:Knos denoted by increasingly light
shades of grey in order of 105, 103, 101, and 10°.

The potential at maximum rate order (Emax rare) serves as a direct indicator of AGy, —
AGyo;. for TM surfaces (Supplementary Figure 13). Potential-dependent nitrate coverage is
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implicitly derived from a competitive adsorption isotherm with H* (Supplementary equations
13 and 18; 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 ( @yo; , approximated here as concentration;
Supplementary equation 18). H®, having explicitly potential-dependent coverage
(Supplementary equation 13), displaces nitrate at increasingly cathodic potentials, where the
potential with equivalent H* and nitrate coverage (8y = Onos) is proportional to AGy. —
AGyos« (Supplementary Figure 10). Further, Emax rare coincides with the potential where 6y =
Ono; (Supplementary Figure 10), providing optimal reactant coverages to facilitate Langmuir-
Hinshelwood-like nitrate reduction mechanisms (Supplementary equations 20 and 21). 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 (Supplementary equations 19-21, Supplementary Figure 13c). This
provides a physical interpretation of why AGy. — AGyop;. dictates both Emax rare and rate order
magnitude, while the ratio of kinetic parameters (reaction rate constants; knosrr:kner) only

controls magnitude (Supplementary Figure 13b).

3.2. NOs3RR 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.xPO4 in the absence
(dashed black lines) and presence (solid lines) of 0.1 M NaNOs. Top of panel denotes 0 mA/cm?g, 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 e/NQOj3 (hatched) by 85% iR-corrected chronoamperometry in
stirred 0.1 M NaxHs-xPO4 with 0.1 M NaNQs. Error bars denote one standard deviation of the average of at least
three (n = 3) separate measurements.

In contrast to Cu, Ni demonstrates poor NO3RR FE (10-15%) across the range of potentials
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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 (Supplementary Figures
16 and 17). 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. '®) 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
adorbs associatively on low H* chemisorption energy Cu (Supplementary Figure 18),%>%¢ where
ammonium 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®>-°

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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3.2.1. 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 NigesCuo.32 alloy. In circum-neutral electrolyte, Nio.ssCuo32 foil
demonstrates potential-dependent NO3;RR 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 Vrug), similar to observations on Cu of potential-dependent competition
between nitrate reduction intermediates and H" for surface sites and NOsRR and HER for
electrons. Note, the larger error bars of NigesCuo32 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) NOsRR FE and (b) ammonium selectivity for Cu (golden), Ni (orange), and NigsCuo 32 (light blue)
measured by 85% iR-corrected chronoamperometry to 0.2 (closed) or 0.04 (open symbols) e/NOs in stirred 0.1
M NayHs.xPO4 with 0.1 M NaNOs. Shaded bars denote the potential window where HER becomes competitive
with NO3RR, and is used to compare NOsRR 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.

3.2.2.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
NO3RR conditions considered here, with consideration of Ti (uncertain surface oxidation

state)’738

in the SI (Supplementary Table 3).
Our theoretical calculations identify nitric oxide free energy of adsorption (AGyo«)

becomes more negative as TM Ej; approaches Er (Figure 5a), in-line with descriptions of other

simple adsorbates.’**** Dissociation activation barriers decrease with reaction enthalpy
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(A(Enst0+ — Enos)) and Eg vs Er (Supplementary Figure 22), in-line with Brensted-Evans-
Polanyi (BEP) scaling relationships.®*! This suggests preferential associative adsorption on
weak-binding TMs (e.g. Ag and Cu; AGpyo. < AGy.40+) and dissociative adsorption on strong-
binding TMs (e.g. Nio.6sCuo32, Ni, Co, and Fe; AGyng« > AGp.40+), in line with prior literature
on stepped surfaces (Supplementary Figure 18) 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 Eqvs 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 Eq4 vs Eg 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
Data for Eq vs Er adapted from Ref. .

Understanding the material-dependent driving force for nitrite (the predominant NO3RR
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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 O as a product
in the reaction free energy difference; i.e. NO2™ = NO" + ' O,. The free energy of nitrite
adsorption (AGNOZ_*) scales with both that of associative (AGyp.) and dissociative
(AGy+40+) nitric oxide adsorption (Supplementary Figure 23), in-line with scaling relationship
for molecules of similar functionality.” As Eq approaches Er, A(Gyo. — Gyos+) 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.

3.2.3.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
Es vs EF°) and H" affinity (H chemisorption energy?®) on NOsRR FE and selectivity to
ammonium. We focus our discussion on potentials with nominal competition between HER
and NOs;RR (-0.4, -0.5, and -0.6 Vrug; Figures 6 and 7), with data for additional potentials

provided as Supplementary Figures 16 and 17 and Supplementary Table 2.
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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 (Supplementary Figures 16 and
17). Alternatively, TMs such as Ni and Ti demonstrate the opposite behavior: providing high
selectivity towards ammonium with low NO3;RR 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

NaxHsxPO4 with 0.1 M NaNOs by 85% iR-corrected chronoamperometry to 0.2 e/NOs" at -0.4, -0.5, and -0.6
Vree (denoted).

As NO;RR FE represents electron selectivity between HER and nitrate reduction, it is best
described via H" affinity towards TM surfaces and the associated electronic descriptor of work

function (Figure 7a and Supplementary Figure 20). NOs;RR FE is appreciable (>70%) for TMs
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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, Supplementary Figure 20). Ni (and Nio.6sCuo32) has the greatest
work function, and consequently greatest HER activity (Supplementary Figure 3),2® 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).?¢?*3% The dependence of nitrate rate order on AGy, — AGyos«
discussed in Section 3.1.1 may provide additional context for understanding the relationship
between NO3RR FE and work function as a future direction for the field. Differences in NO3;RR
FE are expected to be more pronounced for lower nitrate concentrations typical of e.g.

groundwater (~1.5 mM),%711:23:43
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Figure 7. (a) NOsRR FE against work function and (b) selectivity towards ammonium against Eq vs Er for
denoted TM foils measured by 85% iR-corrected chronoamperometry to 0.2 e/NOjs at select potentials (-0.4,
-0.5, and -0.6 Vrue; denoted), except for Ti where -0.7 Vrue IS used to obtain sufficient current. Lines to guide
the eye. Ti is excluded from (a) due to uncertainties in work function?®46 and surface termination (e.g. oxidation
state or presence of hydrides),®”8 but is included in Supplementary Figure 20 for reference. (c) Selectivity to
nitrite at -0.4 and -0.5 Vrue against calculated reaction free energy for nitrite reduction to nitric oxide. (d)
Selectivity to ammonium at -0.4 and -0.5 Vrye 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
Supplementary Table 2). ° Data for work function adapted from Ref. 2° and Eq vs Er from Ref. ¥, with values
(a,b) for NioesCuo 3 interpolated from literature values for Ni and Cu.

We next consider the role of TM Eq vs Er on selectivity towards ammonium (Figure 7b).
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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
(Supplementary Figures 16 and 17). In contrast, selectivity towards ammonium is nominally
high for Eq approaching Er (e.g. Ni, Co, Fe), remaining high for TMs with Es 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 Ey approaches and overcomes Er , manifesting as stronger binding
(more negative AGyo.) and a preference towards dissociative adsorption (AG .0+ < Gnoxs
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
(Supplementary Figure 20) or selectivity towards ammonium (Supplementary Figure 21),
suggesting Eq 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; Supplementary Figures 16 and 17)
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 further dissociation (Figure 7c,d). Selectivity to nitrite nominally decreases as

A(GNO* — GNOz’*) decreases (Figure 7¢). However, while nitrite reduction is more favorable
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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, Nig.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 Eq4
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 NO3RR on Co could be enhanced by alloying with other highly-active TMs (e.g.
Co1xCuy alloys),” pairing with metal oxides with greater nitrate affinities,!! or tailoring cation

composition and strength within the electrolyte.>
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4. Conclusions

We have investigated the NO3;RR on a series of polycrystalline TM foils in neutral,
buffered (0.1 M NaxH3.<PO4) 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. — AGyo; ..

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 NO3;RR FE, while FE is limited on TMs binding H" strongly. DFT calculations
demonstrate an increasing preference for nitric oxide binding and subsequent dissociation as
E, 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.

5. Methods

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

11-15

and low conversions measured here, over a series of commercial polycrystalline TM foils
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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 density functional theory (DFT)

calculations are provided in the SI.
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1. Experimental
1.1. Electrocatalytic characterization

Activity for a series of TM foil working electrodes was evaluated in a cylindrical glass
three-electrode cell by CV and steady-state current density measured by chronoamperometry
(steady-state CA), with a Pt coil counter electrode and Ag/AgCl (CH Instruments CHI111;
saturated KCl) reference electrode calibrated daily to the reversible hydrogen electrode (RHE).
Prior to activity and selectivity measurements, TM foils were cleaned by etching in a 1:4 ratio
of hydrochloric acid to water for 30 seconds, followed by rinsing in water and drying under
dinitrogen flow. While this etching step is intended to provide a reproducible surface
composition for monometallic TM foils, it may induce compositional variability in the
Nio.68Cuo.32 alloy used in this study (see note in Figure 4).

CV was performed at 10 mV/s in quiescent and 500-rpm stirred NaxH3.xPO4 (dibasic
sodium phosphate monohydrate (Na,HPO4 x H>0), Fischer Chemical, Certified ACS Grade;
monobasic sodium phosphate (NaH2POj4), Fischer Chemical, Certified ACS Grade) aqueous
solution with a series of sodium nitrate (NaNOs; EMD Millipore, ACS Grade) concentrations,
with reported data representing a reproducible trace. Steady-state CA measurements were
performed for 30 s per potential in 40 mV increments with a stir bar rotating at 500 rpm to
mitigate mass transfer limitations. The voltage range for each TM foil was chosen to observe
phosphate-deprotonation and water-dissociation mediated hydrogen evolution (HER), limiting
the anodic potential to exclude the formation of surface oxides (excluding Ti which forms

surface oxides or hydrides' across the potential range considered here).? Potentials of CV and
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CA measurements have been corrected for solution and contact resistance (iR) losses by
identifying the real impedance contribution from potentio electrochemical impedance
spectroscopy (PEIS).* Current has been normalized by the geometric surface area (cm?geo) as

measured by ImageJ software.

1.2. Selectivity

Selectivity measurements were performed in a Pine Research low volume separated H-cell,
with ca. 20 mL of 0.1 M NaxH3.xPOs in both the anode and cathode compartment, separated by
a Nafion 117 (Fuel Cell Store) cation-exchange membrane. The cathode compartment,
containing the working electrode and Ag/AgCl reference housed in an Ametek K0065
secondary frit, was sparged with Ar for 30 minutes prior to introducing 0.1 M NaNO; by
addition of 3 M NaNOs with 0.1 M NaxH3.xPO4. After a further 15 minutes of Ar sparging, an
initial aqueous-phase sample (0.3 mL) was withdrawn prior to applying a bias to the working
electrode. The range of potentials measured for each TM includes only those achieving
appreciable current density (ca. <-0.1 mA/cm?seo) to limit individual measurements to at most
six hours to circumvent appreciable electrolyte evaporation. A final aqueous-phase sample (0.3
mL) was withdrawn after passing a pre-determined amount of charge passed with respect to
added nitrate concentration (0.2 or 0.04 €/NOz3"). The anode compartment contained a graphitic
carbon rod (Becker Brothers) counter electrode. Potentials were 85% iR corrected by EC-Lab
software during CA selectivity measurements with solution and contact resistances typically

ca. 5-20 Q. Thermal catalysis, the environment (e.g. Ar-sparging), and the Nafion membrane
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used to separate anode and cathode compartment provide negligible sources of ammonium and
nitrite when measured at longer time scales than those considered here.®
FE of species i (FE;) was calculated as,
FE;(Q) =MX 100% [1]
Q/v
where ¢;(Q) is the concentration of species i at a charge (Q) corresponding to a given

e¢/NOs37, n; denotes the number of electrons needed to convert one molecule of nitrate to one

molecule of species i (nyo; =2€7; Nyyy =8e7), F is Faraday’s constant (96,485 C/mol
e),and Q/V isthe number of €/NO; normalized by the volume of electrolyte in the cathode

compartment of the H cell. Selectivity (S;) was calculated as,

FE;(Q)
FENo; (Q+FEy,+(Q)

5:(Q) = X 100% [2]
where it is assumed that nitrite (NO2) and ammonium (NH4") are the primary products.
Standard deviation from the average of n measurements was determined from the sample
standard deviation (s) equation

Tz, (xi—%)?

s = [H= Tt 3]

n—-1

where x; isthe i*" measurement and X is the average of all n measurements.

1.3. Analytical techniques for determining selectivity

Of the 0.3 mL sample aliquots, 15 pL was diluted to 1.5 mL with water for detection of
nitrate and nitrite by ion chromatography (IC; Thermo Scientific Dionex ICS-5000). The IC
was operated with a Dionex IonPac CG16 5 x 50 mm guard column, eluent flowrate of 0.7
mL/min 15 mM sodium hydroxide (NaOH; Thermo-Fisher), 40 °C column temperature, and
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25 pL sample volume. Standard curve and elution time were determined from a series of
sodium nitrite (NaNQO), sodium nitrate (NaNOs; EMD Millipore, ACS Grade), and sodium
phosphate buffer (NaxH3.x«PO4; mixture of mono- (NaH,POjs; Fischer Chemical, Certified ACS
Grade) and di-basic (Na,HPO4 x H>O; Fischer Chemical, Certified ACS Grade) sodium
phosphate required to achieve pH 7) aqueous solutions. A spectrophotometric plate reader
(BioTek Synergy 2) was used to detect ammonium at 660 nm wavelength by a modified
Berthelot reaction, as described elsewhere.” Briefly, triplicate 50 pL volumes were loaded into
a 300 pL 96-well plate with a series of ammonium nitrate (NH4NO3; Fischer Chemical,
Certified ACS) concentrations in 0.1 M NaxH3xPOs for standard curve development. Berthelot
reagents included trisodium citrate (Beantown Chemical, 99.0%), 2-phenylphenol sodium salt
(Fischer Chemical, 99%), sodium nitroprusside dihydrate (MP Biomedicals, > 99%), trisodium
phosphate (Fischer Scientific, > 96.0%), trisodium citrate (Macron Fine Chemicals, ACS

Reagent Grade), and sodium hypochlorite (Clorox, 7.4%).

1.4. Density functional theory

Periodic density functional theory (DFT) calculations were carried out with Vienna Ab-
initio Simulation Package (VASP).3!® The Kohn-Sham equations are solved self-consistently
with electron exchange and correlation described by Perdew, Burke, and Ernzerhof functional
(PBE)!! with the Projector Augmented Wave (PAW)'?!3 method.

The calculated (experimental) bulk lattice constants for fcc Ag, fcc Cu, fcc Ni, fce Ni-Cu

alloy, bee Fe, hep Co, hep Ti are 4.17 (4.08), 3.65 (3.59), 3.51 (3.50), 3.52 (3.54) , 2.83 (2.86),
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a =250 ¢c=4.00 (a=250,c=4.06),and a =294, c = 4.64 (a =295, c = 4.68) A,
respectively.'*!7 The lowest energy surface was modeled for each metal: Ag (111), Cu (111),
Ni (111), Ni-Cu (111), Fe (110), Co (0001), Ti (0001).'® A four-atomic-layer slab with (3 X 3)
unit cell was used to represent each metal surface, corresponding to a surface coverage of 1/9
monolayer (ML). The adsorbates and the two topmost layers were allowed to relax, while the
remaining layers were constrained. A plane wave energy cutoff of 400 eV was used with a 4 X
4 X 1 k-point set for all surfaces. Slabs are separated in the z direction with a vacuum spacing
of 17 A. Spin polarization and Methfessel-Paxton scheme!® with energy smearing of 0.2 eV
were applied for all calculations. Dipole corrections were included in the z direction to cancel
out the net dipole moment on the surface and simulate the charge placed on the surface in
electrochemical environment. Magnetic moment correction was applied for those metals that
are ferromagnetic (Ni, Fe, Co).
Adsorption energies (E,4s) of nitric oxide and nitrite were calculated as
Eaas = Eads+stab — Esiap — Eadsg [4]
where E,4515ap 15 the total energy of slab with the adsorbate, Eg,;, is the total energy of
clean metal slab, and E 4 sg is the total energy of most stable configuration of adsorbate in gas
phase. Free energies of adsorption were determined from DFT-calculated adsorption energies
corrected with zero-point energy (ZPE) and standard state entropy corrections (T*S) using the
harmonic oscillator approximation at 293K.
Activation barriers for nitric oxide dissociation on metal slabs were calculated using

d,20_22

climbing image nudged elastic band (CI-NEB) metho using six moving images between
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the initial and final states. The calculations were considered convergence when the maximum
residual force for adsorbate binding and CI-NEB were 0.02 and 0.05 eV/A™ respectively.
Density of states calculations were performed with Blochl corrections using the same energy

cutoff with adsorption calculations and a gamma centered 4 X 4 X 1 k-point mesh.

2. Results
2.1. Cyclic voltammetry

CV of several TM foils in a series of NaxH3.xPO4 concentrations illustrate a mass-transfer
limited peak at potentials less-cathodic than the onset of water-dissociation mediated hydrogen
evolution (Supplementary Figure 1). The magnitude of this mass-transfer limited peak,
corresponding to phosphate-mediated hydrogen evolution, increases in concert with
NaxH3xPO4 concentration, with peak potential becoming more cathodic as well. An anodic-
going peak observed on Ni at ca. 0.2 Vrug, corresponding to a combination of a-Ni(OH)2

formation and hydride oxidation,>**

increases in magnitude with increasing NaxH3xPO4
concentration (Supplementary Figure 1b). This a-Ni(OH): is then reduced in the cathodic-
going sweep (see 10 mM NaxH3xPOs in particular). Similarly, current in the double-layer
capacitance region is shifted anodically (ca. 0.3 to 0.8 VruEg), due to a combination of oxidation
of residual dihydrogen near the electrode surface, hydride stripping, or further oxidation of a-

Ni(OH), to 5-Ni(OH)>.2*** The anodic-going extent of CVs for all other TMs were otherwise

limited to avoid formation of surface oxide phases.’

Supplementary Information Page 7 of 49



A 0w DN

0 :
-1 F -
s | ] 505 |
24T ] 15 |
_'g g ] =20 [}/ 100mm
-6 ] ~ & [f NaH; PO,
7t ] 23 Ni Foil
_8 IS T T NN N TN T NN TN TN N Y Y T TN NN TN TN T Y N N 1 _30 PERTIEE B R R A 1 P L1 1
-09 -07 -05 -03 -01 01 03 -06 -04 -02 00 02 04 06 08
(C) 0 _l LML IR DA RN B NN NN DL B RN NN B BN NN B BN B NN BN RN I |- (d) 0 | T T T T T T T T T T T T T T T T T T i
! ] 8y ]
w2t i [
5 52| :
37 ] z Na,H;.,PO,
3k -
=40 ] =
5 [ ] 4 || :
! _ Co Foil
_6 PR ST T NN T TR TN T TN TN T JNANY TN T TN NN TN WY TN (Y TN TN _5 PR T TN [N T TR TR NN TN TN TR NN SN TN T N T T 1
-09 07 -05 -03 -01 01 03 -08 -06 -04 -02 0.0 0.2
©) oo [ IS () oo [T
§-0_5 i §_0.5 Ty g ]
E: *-10 | !
€10 . g
z is 15 :
= ] —-20 } ]
-2.0 . . i i
Fe Eoil 25 1 | ik
_25 IS TR T NN TN TN TN [ S TR TN I T T _30 PR T SN TN NN T T NN N T TN T T T TN T T T T T T 1
-06 -04 -0.2 0.0 0.2 -10 -08 -06 -04 -02 00 02
—rrrr 1. o111 rrr E - |R |V Vs RHE
@) oo [
-05 .
£
(5]
£-10 ¢ 100 mM 1
= Na,H;PO, ]
- Ag Foil
_20 PR R R 1 PR IR T T TN T TR T T NN T T 1

-08 -06 -04 -02 00 02
E-iR|VvsRHE

Supplementary Figure 1. CV collected at 10 mV/s for (a) Cu, (b) Ni, (c) NiossCuo.s2, (d) Co, (€) Fe, (f) Ti, and
(g9) Ag foils at a series of quiescent NaxHs.xPO4 concentrations (denoted). (b) Inset of the a-Ni(OH), formation
and stripping region with grey dashed line denoting 0 mA/cm?Zge.

The mono- and di-basic phosphate anions comprising the NaxH3.xPOs buffer are
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deprotonated at the electrode surface at potentials less-cathodic than water dissociation. These
protons are then coupled to form dihydrogen. We confirm this by performing a simple rotating
ring-disk electrode (RRDE) measurement in Ar-sparged 0.1 M NaxH3xPO4 with a Cu disk and
Pt ring (Pine Research; Supplementary Figure 2). In the absence of rotation, a voltammetric
profile similar to the polycrystalline foil in Supplementary Figure la is observed
(Supplementary Figure 2a, black dashed trace). Current increases with increasing rotation rate
(w) at potentials cathodic of peak phosphate-mediated HER (Supplementary Figure 2a, w
increases with darker shades of red). Similarly, at the Pt ring, held at 0.7 Vrue to oxidize
produced dihydrogen, current increases with increasing @ with a potential-dependent profile
comparable to that observed on the Cu disk. The ratio of ring to disk current (iring/ipisk) 1S
comparable at potentials between ca. 0.6 and 0.8 Vrug, indicating w-independent ring

collection efficiencies within this potential window.
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Supplementary Figure 2. (a) Rotating ring-disk electrode (RRDE) measurements performed in 0.1 M
NaxHs.xPO4 at on a Cu disk at 10 mV/s (bottom) while holding a Pt ring at 0.7 Vrue (top) with rotation rates
denoted. (b) Ratio of ring and disk currents (iring / ipisk) With transparent purple bar illustrating the range of
potentials over which this ratio is independent of rotation rate and collection efficiencies are comparable for
Levich analysis of iring. Levich analysis of mass-transfer limited iring indicates an electron transfer number of 1.6
+0.25 e". This value assumes a saturated hydrogen concentration at 20 °C, where a ~20% less saturated solution
results in the theoretical value of 2 e'/H, oxidized. (c) Inverse average ring current (iring) between 0.7 and 0.8
VrHe disk VS o™, providing the slope necessary to calculate the number of electrons transferred per phosphate-
mediated HER turnover.

The linear correlation between the inverse of ring current (iring), averaged from CV data

5

points between 0.7 and 0.8 Vrue, and o™ includes a non-zero intercept value, indicating
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Koutecky-Levich analysis is necessary to extract the number of electrons transferred from

phosphate-mediated HER. From the Koutecky-Levich equation,

1_r1,1_1. 1 1 [5]

i ig i ig  0.62nFARingD?/3v=1/6[Hy] wl/2

where iy is the kinetically-limited contribution to total current (i), and the mass-transfer
limited contribution to current (i;) can be expanded from the Levich equation, containing a
dependence on w™-°. The number of electrons transferred during phosphate-mediated HER (n)

can then be calculated from the slope of Supplementary Figure 2c¢ as,

1 1 1
n= wl/2 d(i 1 ) wl/? [6]

— rin
0.62FARingD2/3v 1/6[H2]d(w_1}92)

where F is Faraday’s constant (96,485 C/mol-¢’), Aging is the area of the Pt ring (0.11 cm?),
D is the diffusion coefficient of dihydrogen in aqueous electrolyte (1.39x10° cm?/s),” v is
the kinematic viscosity of the electrolyte (9.76x10~ cm?/s), hydrogen concentration [H,] is
assumed to be saturated (780 uM H; at 20 °C), and d(ir_i}lg)/d(a)‘l/z) is the slope of inverse
ring current versus inverse square root of rotate rate. From this analysis, an electron transfer
number of 1.6 +0.25 e/H, oxidized is determined. However, this assumes hydrogen
concentration is saturated. Assuming hydrogen concentration is 80% of the saturated value
yields an electron transfer number of 2.0, in-line with the theoretical electron transfer number
for hydrogen oxidation. This lower than expected electron transfer number for hydrogen
oxidation may also be caused by difficulties in assessing gas-phase reaction products via

oxidation at a Pt ring.?¢
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Supplementary Figure 3. E - iR @ jpeakpos-+er and work function® versus H chemisorption energy for a series of
TM foils, illustrating the Sabatier-like relationship between H chemisorption energy and metal work function
and the utility of E — iR @ jpeak pos-Her in describing this relationship. Values for work function and H

chemisorption energy of NiogsCuo s, alloy interpolated by mol fraction from literature values for Ni and Cu. ©*

Data for work function adapted from Ref. 2" and H chemisorption energy from Ref. %8

Nitrate reduction current becomes apparent with increasing nitrate concentration at
potentials less-cathodic than and including those where HER occurs (Supplementary Figure
4a-c and Figure 5a-d). Mass-transfer limited nitrate reduction is observed for certain TMs (e.g.
Cu, Ni, Nig.6sCuo.32, Co, Ti, and Ag), and identified as reduction of solution-phase reactants by

observation of peaks giving way to increased current while performing CVs in 500-rpm stirred

electrolyte (Supplementary Figure 4d-f and Figure 5e-h).
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and 500-rpm stirred (e-h) 0.1 M NaxH3«PQO4 with sodium nitrate concentration denoted. (b) Inset is of the
NiO,/a-Ni(OH), formation and hydride oxidation region with grey dashed line denoting 0 mA/cm?g.
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In the interest of understanding the role of alloying on NO3RR activity, we compare Cu
and Ni catalysts with notable differences in HER and NO3RR activity (Supplementary Figure
4). Cu, a poor HER electrocatalyst, is an active NO3RR electrocatalyst in the neutral NaxHs-
«PO4 used here, consistent with literature in other electrolytes.?’* Current density for Ni, a
good HER catalyst, in the presence of 0.1 M NaNOs increases appreciably at potentials
cathodic of phosphate-mediated HER in both quiescent and 500-rpm stirred nitrate-containing
electrolyte, though is less active than Cu in stirred electrolytes (Supplementary Figure 4).
Alloying Cu with Ni (Nio.esCuo.32) shifts nitrate reduction onset to less-cathodic potentials than
either pure monometal, in line with prior literature. As Wang et al. elude to, a shift in electronic
structure (in particular E4 vs Er) with alloying tunes intermediate adsorbate binding energies,
resulting in enhanced activity of the alloy relative to either of its terminal contituents.* This
observation agrees well with measurements made here, identifying optimal nitrate reduction
activity at H chemisorption energies slightly weaker than that of Ni, and are in-line with recent
literature explaining the enhanced alkaline HER activity of NiCu alloys.*®

The magnitude of the anodic-going feature observed on Ni at ca. 0.2 Vrug (likely from a

mixture of 0-Ni(OH), formation and hydride stripping®*-*

attenuates with increasing nitrate
concentration (Supplementary Figure 4b inset), indicating nitrate either interferes with
formation of the a-Ni(OH); by site blocking or consumes adsorbed hydrogen atoms that would
otherwise be oxidized from the Ni surface. Quantitative measurement of nitrate-concentration

dependent feature attenuation may provide a useful technique for characterizing adsorption

thermodynamics for nitrate on Ni, as has recently been demonstrate when investigating organic
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Considering the wider range of TMs investigated here (Figure 5), Co in particular
demonstrates considerable activity in the presence of nitrate, even when compared to
conventional benchmark monometals such as Cu and Ag. In 0.1 M NaNO3, Co has an apparent
NOsRR onset that is less cathodic than either Ag or Cu and may be comparable to that of
Nio.68Cuo.32. (A direct comparison between Nio.ssCuo.32 and Co onset potentials is challenging,
as Co was not exposed to potentials > 0 Vrue to avoid oxide formation.) Similarly, the potential
at mass-transfer limited nitrate reduction for Co is second only to Ag of the TMs along the
weak H chemisorption energy arm (circles in Figure 1a,c). Perhaps most impressively is the
current density produced by Co at comparable potentials to other benchmark electrocatalysts,
producing roughly twice the current density of Cu and Ag in 500-rpm stirred electrolyte at -0.6

VrHE (Supplementary Figure 4 and Figure 5).
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Supplementary Figure 6. (a) Potential and (b) current at mass-transfer limited nitrate reduction, measured by CV
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differential current with respect to voltage). (c) Potential at mass-transfer limited nitrate reduction for the same
TM foils and in same conditions as in (a) and (b) plotted against H chemisorption energy from Ref. 28, with

nitrate concentrations denoted in mM.

Mass-transfer limited features shift to less-cathodic potentials with increasing logarithmic

nitrate concentration (Supplementary Figure 6a), where the Nernst equation bears a linear

dependence on the logarithmic ratio of reactants and products (Supplementary equation 31).
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However, mass-transfer limited currents are nominally independent of nitrate concentrations,
with the exception of Ag (Supplementary Figure 6b). For 3d TMs, the comparable current
densities between mass-transfer limited features in the absence (black dashed lines) and
presence of nitrate (solid lines, Supplementary Figure 4 and Figure 5) indicates these are likely

bound by phosphate diffusion.

2.2. Nitrate reaction rate order and microkinetic model

2.2.1. Steady-state CA

Steady-state current density was measured by chronoamperometry (steady-state CA) for
30 s each at 40 mV increments across a range of potentials in 500-rpm stirred 0.1 M NayH3.x\PO4
with a series of sodium nitrate concentrations (Figure 7). Select TMs, particularly those with
H chemisorption energies weaker than that of Ni (e.g. Cu, NigssCuo32, Co, and Ag),
demonstrate appreciable nitrate reduction activity illustrated by increasing logarithmic current
density at a fixed potential with increasing nitrate concentration. All TMs appear to
demonstrate mass-transfer limitations as current density approaches ~10 mA/cm?geo (log( -j |
mA/cm’ee, ) = 1.0), evidenced by a plateau in logarithmic current with increasing potential.
However, Co begins to overcome this mass-transfer limitation in 100 mM NaNOj by -0.4 Vruk,
continuing to increase and approaching values of ~100 mA/cm?geo (log( -j | mA/cm?geo ) = 2.0)
by -0.55 Vrue. This behavior suggests that the initial mass-transfer limitation at ~ 10 mA/cm?geo
is caused by phosphate anion concentration, and that initial mass-transfer limitations can be

overcome as water dissociation begins to supply protons.
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Nitrate reduction rate order is then interpreted assuming Butler-Volmer kinetics as the
slope of logarithmic current density against logarithmic nitrate concentration at fixed applied
potential (Supplementary Figure 8 and Supplementary Figure 9). A distinct bell-shaped nitrate
rate order profile is apparent for TMs corresponding to the weak binding arm (e.g. Ag, Cu,
Nio.6sCuo.32, and Co) of the Sabatier-like relationship between H chemisorption energy and
HER activity (Supplementary Figure 3). Conversely, TMs on the strong-binding arm (e.g. Fe
and Ti) nitrate rate order peaks are generally lower in magnitude and nominally less discrete
than for those on the weak-binding arm. We note that the bi-modal distribution of rate order
observed on metals with high selectivity towards ammonium (i.e. those consuming a large
number of protons such as Co and Fe) may actually be due to phosphate anion mass-transfer
limitations in the 500-rpm stirred electrolyte used here for steady-state CA. This can also be
observed in the pinch-point of steady-state CA data for Co at ca. -0.45 Vrug, where current
plateaus before once again increasing exponentially with the onset of water dissociation as a

source of protons (see discussion of Figure 7 in prior paragraph).
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Supplementary Figure 8. NOsRR order as a function of applied potential for (a) Cu, (b) Ni, and (c) Nio.esCuo 32
foils plotted separately and plotted together as (d) for comparison. Coefficient of determination (r?) values for
individual foils are derived from the linear regression of average values from three (n = 3) separate
measurements. Error bars denote plus and minus one standard deviation from the average of at least three (n =
3) separate measurements.
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Supplementary Figure 9. NOsRR order as a function of applied potential for (a) Co, (b) Fe, (c) Ti, and (d) Ag

foils plotted separately. Coefficient of determination (r?) values for individual foils are derived from the linear
regression of average values from three (n = 3) separate measurements. Error bars denote plus and minus one

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

2.2.2. Microkinetic model

We hypothesize that competition between H" and nitrate anions for adsorption sites, and

subsequent reduction in the HER and NO3RR, play a role in dictating rate order. We investigate

this hypothesis by developing a microkinetic model, capturing well the potential-dependent

nitrate rate order profile. We begin by describing the elementary steps, potential-dependent
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coverage, and kinetics of the HER, following the work of Shinagawa et al.*> We then extend
this microkinetic model of the HER to include NO3RR in a competitive Langmuir-
Hinshelwood model, where H" and nitrate anions compete for adsorption sites. In this model
we neglect all mass-transfer effects, assuming the local reactant activity in the reactive
Helmholtz plane is equivalent to that of the bulk electrolyte.

The reduction of protons (H*) into hydrogen gas (H,) by the HER generally consists

of three potential mechanistic steps:

H*+x +e” o H* [7]
H*+H"+e” & H, + = [8]
H*"+H" o H, + 2« [9]

where * denotes a surface site available for proton adsorption, and H* denotes an adsorbed
hydrogen atom after accepting an electron (e™). If Supplementary equation 7, referred to as
the Volmer step, is rate-limiting,

1 = kypay+0. [10]
where ay+ is the activity of protons, assumed to be equivalent to the concentration of
phosphate buffer here (0.1 M NaxH3xPO4), 6, is the fraction of unoccupied surface sites, and
kqr 1sthe forward reaction rate constant. Because the Volmer step involves an electron-transfer
step, kqr bears a dependence on applied potential, and Supplementary equation 10 can be
expanded to,

n= k?F“HJr(l - 9N03‘ - 9H) exp[—afn] [11]
where 6, has also be expanded to include the fractional coverage of nitrate (ewog) and H*
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(6y), a is the electron transfer coefficient (defined here as 0.21 to reflect typical nitrate
reduction Tafel slopes of 120 mV/dec), f denotes the ratio between Faraday’s constant and
the product of the gas constant and temperature (F/RT), and n; is overpotential.
Alternatively, if either Supplementary equation 8 or 9 are rate-limiting, Supplementary
equation 7 becomes quasi-equilibrated and the forward and reverse rates are equivalent,
Tieq =0 = le“H+(1 - 91\103‘ - HH) — k1grOy [12]
where k;p also bears a potential dependence as k{pexp [(1 — a)fn;]. The potential-

dependent fractional coverage of H can then be determined as,

_ Knay+(1-6no3)

B exp[fni]+Kgay+

[13]
where Ky is the equilibrium adsorption coefficient of H", equivalent to the ratio of forward
and reverse rate constants at equilibrium (kqr/kqz). Supplementary equation 13 allows
derivation of rate equations for the Heyrovsky step,

1, = kJray+0y exp[—afn,] [14]
and for the Tafel step,

rs = k3p0j; [15]

where the Tafel step does not include any electron transfer, and is therefore potential-
independent.

Prior literature has identified the rate-limiting step of electrochemical nitrate reduction as
the conversion of adsorbed nitrate to nitrite.?>*!*14¢ Because the rate-limiting step of nitrate
reduction is proposed to occur after adsorption of nitrate,

NO3 +* o NO3* [16]
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the adsorption of nitrate is then quasi-equilibrated. The ratio of potential-independent forward

and reverse reaction rate constants (k4g/ksr),
Tyeq =0 = k4-FaN03_(1 — Ono; — 9H) - k4-R9NO3_ [17]

is equal to the nitrate adsorption coefficient (K NO;). Solving this expression for Oy,

Onvo; = [18]

1+KNO§aNO§

provides the familiar competitive Langmuir-Hinshelwood model for nitrate coverage.

Nitrate coverage (Supplementary equation 18) is not explicitly treated as potential-
dependent here, but rather captures potential-dependence implicitly by including H" and nitrate
anions as competing adsorbates in a Langmuir adsorption isotherm. Under increasingly
cathodic potential, the onset of H™ coverage occurs and nitrate anions are displaced. The
potential at which H™ coverage overcomes that of nitrate anions shifts to increasingly less-
cathodic potentials with the logarithmic ratio of H' to nitrate adsorption coefficients (K /K, NO3 >

related to free energy as AGy. — AGyo;.« X —In(Ky/Kyo;), Supplementary Figure 10).

Supplementary Information Page 26 of 49



o Ok WD

10

11

12

13

14

15

16

(a) 10 -_ ""_"i——-'_*_‘—"l‘\_"-_\ - (b) T T T 7 '10
6, \ \ ] ' |z
[ v 1E+00 | / 10 ©
08 | v L - £
[ L B B 10 2
L | 1 \ 1E-02 ] / ] —
06 | v . o X ] 3
[ [ 8 2 {20 %
) i L | e x 1E-04 / ] 3
04 [BCHACnosy ] X : @ 130 S
[ LR ] 1E-06 / _ L
o 1\ \ \ L E m 40 g-.
[ \ \ \ 1 T @
02 1 Vo) ] 1E-08 § / | I
AN 5] 1 50
00 Lr—ermnl ' i T SIS WS p— ‘|E_‘|0 L 1 1 1 1 1 "
-08 -06 -04 -02 0.0 02 -06 -04 -02 00 02
E |V vs RHE

E@ 64> Buos. | V vs RHE
Supplementary Figure 10. (a) Potential-dependent fractional H* (shades of black) and nitrate (shades of fuchsia)
coverage for a series of H™ to nitrate adsorption coefficients (Ku/Knos) denoted by increasingly light shades in
order of 10°%, 107, 10°%, 103, 10, and 10". (b) Ky /Kyo; demonstrates a linear trends as a function of the

potential at which H* coverage exceeds nitrate coverage (E @ 6, > Ono; ), while the trend is linear for H" free
energy of adsorption relative to that of nitrate (AGy. — AGyo;.)-

In contrast, nitrate anion coverage at sufficiently non-cathodic potentials (well away from
the onset of increasing H" coverage) is solely dependent on nitrate activity (assumed equal to

concentration here [NOs']) and adsorption coefficient (Kyo;; Supplementary Figure 11a). At

low nitrate concentration, nitrate coverage scales linearly with nitrate concentration
( Supplementary Figure 11b). At sufficiently high nitrate concentrations to approach saturation
the relationship between nitrate coverage and concentration becomes non-linear, in-line with
conventional Langmuir adsorption isotherms. Nitrate coverage scales monotonically with

Kyo; within the nominally zero H" coverage regime ( Supplementary Figure 11c).
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We then propose that rate-limiting nitrate reduction proceeds by one of three mechanisms

and rate expressions: (1) a Heyrovsky-like (Eley-Rideal),
NO3;*+2H" +2¢~ & NO;* + H,0 [19]

s = ng“fﬁeNo; exp[—afns]

(2) a Tafel-like (Langmuir-Hinshelwood),
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NO3;* +2H* & NO;* + H,0 + 2 * [20]
Te = k8F0§0N03—
or (3) a mixed mechanism,
NO;*+H"+H" +e~ & NO;* + H,0 + * [21]
r7 = k;)FaHJrHHHNO; exp[—afn;]

where Supplementary equations 19 and 21 provide potential-dependent NO3RR kinetics, while
the kinetics of Supplementary equation 20 are implicitly potential dependent (not involving a
charge-transfer step) due to proportionality with potential-dependent nitrate coverage
(Supplementary equation 18). Nitrite is then assumed to reduce rapidly or desorb from the
surface at sufficient rate that its coverage is negligible and may be disregarded. Current density

(ji) corresponding to a specific reaction mechanism (i) is then expressed as
Ji = niFry [22]
where n; is the number of electrons transferred per reaction (e.g. conversion of nitrate to a
given product). Combining Supplementary equations 11, 13-15, and 18-22 provides the

equations describing current for the HER,

(Volmer) j1 = Fkdpay+(1— 0y — 91\103—) exp[—afn,] [23]
(Heyrovsky) J2 = naFk3pay+6y exp[—afn,] [24]
(Tafel) j3 = ngFk2:03 [25]

and for the NO3RR,
(Eley-Rideal) Js = nsFk2sOyo-ai+ exp[—afns] [26]
(Langmuir-Hinshelwood) Jje = NgF ng9N03— 02 [27]
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(Mixed) J7 = n7Fk(7)F0N03_0HaH+ exp[—afn;] [28]
where ny = n, =nz; =2 e~ toreflect 2 e/H> produced, and ns, ng, and n, range between
2 and 8 e¢/NOs reduced. This treatment of nyg.grr (Ns,M6,n7) allows the derived
microkinetic model to describe reaction rate, while the experimentally-measured current is then
described by inclusion of material- and potential-dependent selectivity (Figures S16 and S17
and Supplementary Table 2).

Overpotential is defined as the potential difference between the onset potential (7,) and
applied potential. For the HER, 1o ygr 1s defined simply as 0 V vs the reversible hydrogen
electrode (RHE), such that 1y, =1, = Egppiieq- Alternatively, 1o yo,rr 1 defined as the

reduction potential of the rate-limiting step,*’*

N03‘+H20+Ze_wNOZ_+ZOH_ [29]
as 0.01 V vs the standard hydrogen electrode (SHE) where nitrate reduces to nitrite at pH where
nitrite forms deprotonated (pH > pK.). While this equilibrium is written to occur in alkaline
conditions (pH 14),* in-line with the included citation, we assume protons reduce to water
rather than water reduction to hydroxide ions. We then correct the SHE potential to the RHE

potential by the Nernst equation,®

_ po__ __RT aANO;
E=E ~ rog@ 8 [“No§“,2.1+] [30]

which contains the ratio of activity coefficients for products (azvo;) and reactants (ayo;, af,+)

of the rate-limiting step described in 29. Assuming a temperature of 293 K, n = 2, activity

coefficients as equivalent to concentration, and the definition of pH as — log[H*],

2RT 2RT [NO3]
nFlog(e) + nFlog(e) 08 [NOS]

E=E°+pH [31]
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which allows the potential to be corrected for pH. While the ratio of nitrate to product activities
(final term of Supplementary equation 31) does dictate onset potential (Supplementary Figure
4 and Figure 5),° we neglect it here as local product activity and composition is poorly defined
and its value does not affect the adsorption of nitrate in our model or the nitrate rate order
profile observed. Therefore, at pH 7, the redox potential used to describe the equilibrium
between nitrate and nitrite is 7 yo,rr =0.84 V vs RHE.¥

To better understand the behavior of these different mechanisms for rate-limiting step,
Supplementary Figure 12 provides the potential-dependent reaction rate for each of the
proposed steps in the (a) HER and (b) NOsRR on a surface with low H" affinity. HER rate does
not become appreciable until the onset of H* coverage; however, at H* coverages approaching
zero Volmer-limited HER (7;) does provide some initial rate. The Eley-Rideal like Heyrovsky
step (r2) undergoes an exponential rate increase in concert with H* coverage. Tafel step () rate
increases with H* coverage, plateauing as H™ coverage approaches unity. Despite having the
same reaction rate constants (kJ.) and electron transfer units (a) for this example, the
Heyrovsky step (2) dominates the overall HER rate. This behavior is reflective of the model

we use to elucidate the mechanistic interpretation of nitrate rate order in the main text.
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Supplementary Figure 12. Potential-dependent reaction rates of (a) HER and (b) NOsRR mechanistic rate-
limiting steps and H* (black dashed) and nitrate (fuchsia dashes) fractional coverage for a low H"-affinity case
where K, =107, Kyo; =102, ay+ =0.1 M, ano; =0.1 M, a =0.21 for all steps, n; =2e" for all steps for
simplicity, k9 =10° L/s-cm?, k3, =10 L/s-cm?, k9 =10 mol/s-cm?, k2, =2.0x10*? L%mol-s-cm?,

k2r =3.5x10"13 mol/s-cm?, and k9 =10 L/s-cm?,

In the case of the NO3RR (Supplementary Figure 12b), total reaction rate increases at
potentials less-cathodic than the onset of H" coverage, reaches a maximum at intermediate H’
coverage, and then approaches zero as H" coverage approaches saturation. The purely Eley-
Rideal step (rs), involving two proton-coupled electron transfer steps from solution-phase
protons, provides nitrate reduction rate at less-cathodic potentials where H™ coverage is
negligible. In concert with the onset of H* coverage (Supplementary Figure 12), the rate of
purely Langmuir-Hinshelwood and mixed (Supplementary equations 20 and 21) nitrate
reduction steps increase, while the Eley-Rideal like rate peaks and decreases. As H" coverage
overcomes that of nitrate, the rate of surface-mediated nitrate reduction steps (Supplementary
equations 20 and 21) peak and decrease. Because mass-transfer limitations are neglected, the

rate of all nitrate reduction steps approach zero as H" coverage approaches unity, displacing
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adsorbed nitrate.

As we discuss in the main text (Figure 2), this ratio of thermodynamic parameters (AGy, —
AGyo;+« ¢ —In [Ky+/Kyo;]) plays a major role in dictating the shape (peak location and
magnitude) of nitrate rate order. As Gp. — AGyo;.decreases, the magnitude of nitrate rate
order decreases and the peak potential shifts to less-cathodic potentials (Supplementary Figure
13a). This can be explained by the exponential dependence of the Butler-Volmer nitrate
reduction kinetics used here on applied potential. Peak rate order increases nominally
exponentially with Gy. — AGyo;.; however, at the highest H" affinities (most negative Gy, —
AGyo;+) this trend no longer holds (Supplementary Figure 13¢), and peak rate order decreases

to below the expected exponential trend.
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Supplementary Figure 13. (a) Nitrate rate order for a series of H" to nitrate adsorption coefficients (K /Kyo;)
denoted by increasingly light shades in order of 10, 1073, 10, and 10%. Kinetic parameters used are the same as
in Supplementary Figure 12, but with kg = k¢r = k9 =107. (b) Nitrate rate order at a fixed Ky /Kyo; of
105 for a series of HER and NOsRR reaction rate constant ratios (k% = k9 = kJr =1.0x10° and k2p = kdr =
k% =3.5x101, 7.0x10712, 2.8x10°1, 2.5x101%, 2.1x10%, and 1.8x10* in increasingly dark shades of black).
Peak nitrate rate order vs (¢) Ky/Kyo; and AGux - AGnos+ With peak potential denoted vs RHE, or (d)
knosrr:kner. The line in (c) is a linear regression of the points with the highest three rate orders (Ky /Kyo; 0f 100
%, 107,and 109).
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Supplementary Figure 14. Parity plot of potential at maximum nitrate rate against the potential at which H”
coverage exceeds that of nitrate, illustrating the dependence of maximum nitrate rate on nitrate and H” coverage.

While thermodynamic parameters (ratio of H" to nitrate adsorption coefficients [Ky /K, No5 )
or difference in free energy of adsorption [AGy. — AGyop;.]) dictate the potential —and
magnitude of peak nitrate rate order (Supplementary Figure 13a,c), kinetic parameters (ratios
of reaction rate constants [knosrr:krer]) dictate only magnitude (Supplementary Figure 13b,d).
As knosrr:kuer 1s increased, peak rate order increases while the potential remains constant.
Even when incorporating material- and potential-dependent nyo,gzr (Figures S16 and S17 and
Supplementary Table 2) the message from the main text is preserved; nitrate rate order peak
potential and magnitude are predominantly controlled by AGy. — AGyo;.(Supplementary
Figure 15a), with only minor manipulations of kinetic parameters (Supplementary Table 1)

required to fully capture peak rate order and potential (Supplementary Figure 15b).

Supplementary Information Page 35 of 49



o OB W P

(a) 10 T T T T T T T (b) .
[ Modeled 1 Experimental Peak Rate Order
i 00 02 04 06 08 10
08 B 7 01 T T T T T T T T T 10
. v // T
1] 4
206 | i T 00 y; 0.8
O W // k
% E " {06
004 r 7 a -01 f , ]
< ) | 2 | // 1 04
Ni 1 E Ni 7 1
02 /\/ § -02 t I,O/ ] 02
L Ve ]
] o
0.0 : . : . L . -0.3 1 0.0
-0.6 -04 -0.2 0.0 0.2 -03 -02 -041 0.0 0.1
E|VvsRHE Experimental Peak E - iR

Supplementary Figure 15. (a) Modeled nitrate rate order data, inclusive of experimental selectivity data: model
parameters provided in Supplementary Table 1. (b) Parity plot of experimental (x-axes) and modeled (y-axes)
potential (primary axes, squares) and magnitude of peak nitrate rate order (secondary axes, circles) for Cu
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Supplementary Table 1. Parameters used to produce microkinetic model results in Supplementary Figure 15 and

Figure 2.
Supplementary Figure 15 Figure 2
Metals Cu Nio.ssCuo.32 Ni Cu Nio.6sCuo.32 Ni
z > ag+ |M 0.1 0.1 0.1 0.1 0.1 0.1
s 3 ayo; | M 0.1 0.1 0.1 0.1 0.1 0.1
§ g - 2 2 2 2 2 2
NNosRR f(E) f(E) f(E) 2 2 2
Ky 3.0x103 9.0x107? 4.0x10° | 3.5x10°3 1.0x10" 5.0x103
AGy, | kd/mol 14.2 5.9 -20.2 13.8 5.6 -20.8
§ Kyo; 1.0x102 1.0x102 1.0x102 1.0x10? 1.0x10? 1.0x10?
é AGyo;. | kd/mol -11.2 -11.2 -11.2 -11.2 -11.2 -11.2
Ky/Kyos 3.0x10° 9.0x104 4.0x10° 3.5x10% 1.0x1038 5.0x10"
AGy. — AGyo; 254 171 -9.0 25.0 16.8 -9.5
nuer | VRHE 0 0 0 0 0 0
Nvosrr | VRHE 0.82 0.82 0.82 0.82 0.82 0.82
a 0.21 0.21 0.21 0.21 0.21 0.21
9 kY | L/s-cm? 5.0x10-% | 5.0x10"0 | 5.0x10"° | 5.0x10"0 | 5.0x107"° | 5.0x10"°
g k9 | L/s-cm?2 1.0x10""° | 1.0x10"° | 1.0x10"° | 5.0x10-"" | 5.0x10-"" | 5.0x10"
¥ k3 | mol/s-cm? 1.0x10-0 | 1.0x10-"® | 1.0x10"® | 5.0x10-" | 5.0x10" | 5.0x10™
k2 | L%mol-s-cm? | 9.3x10'2 | 3.3x10'2 | 3.3x10"2 | 1.0x10" | 1.0x10" | 1.0x10"
k2r | mol/s-cm? 6.1x10"2 | 2.8x10-'2 | 4.2x10-'2 | 2.5x10-'2 | 2.5x10'2 | 2.5x10-"2
k% | L/s-cm?2 6.1x10'2 | 2.8x10'2 | 4.2x10"2 | 5.0x10"0 | 5.0x10"0 | 5.0x10"°
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3 Supplementary Figure 16. FE to nitrite (red bars) and ammonium (purple bars) after passing 0.2 e /NOs™ (solid)
4 or 0.04 e/NOs" (hatched) by 85% iR-corrected CA for (a) Cu, (b) Ni, and (c) NigssCug.32 foils. Selectivity to

5 ammonium reported as circular symbols. Selectivity data for each metal are provided in a potential-resolved

6 tabulated format as Supplementary Table 2. Error bars denote plus and minus one standard deviation of the

7 average of at least three (n = 3) separate measurements.

8
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Supplementary Figure 17. FE to nitrite (red bars) and ammonium (purple bars) after passing 0.2 e/NOs (solid)
or 0.04 e/NQOjs (hatched) by 85% iR-corrected CA for (a) Co, (b) Fe, (c) Ti, and (d) Ag foils. Selectivity to
ammonium reported as circular symbols. Selectivity data for each metal are provided in a potential-resolved
tabulated format as Supplementary Table 2. Error bars denote plus and minus one standard deviation of the
average of at least three (n = 3) separate measurements.
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1 Supplementary Table 2. Average of potential-resolved FE to nitrite and ammonium for each TM foil, plus and
2 minus one standard deviation from the average of at least three (n = 3) samples. Dashes denote no measurement

3 made.
E-iR|Vewe |01 |02 |-03 |-04 |05 [-06 [-07 |-08 |-09 [-10
Cu |[635+|717+|729+|841+|667+|39.1+|289¢%
107 |77 |40 |65 |36 |68 |97 | | |
Ni 16 |33 +|43 |50 ¢
|7 |24 |02 |06 1.0 | | |
NiCu |[31.0% | 329+ | 402+ | 358+ |399+ |82 ¢
R 24 |85 |210 |163 |218 |57 | | | |
S Co 17 +[06 +[10 +[05 |05 =
E | los |o2 |03 |03 |03 | | |
W Fe 325+ |319+ 3884+ |213+ 147+
| |37 |94 9.3 3.1 23 | ||
Ti 26 £33 +|15 |16 ¢
o T T T T 20 |15 |03 |14
Ag 921+ |821%|903+|958+|77.8+|4082 114 ¢
7 |120 |50 |96 |06 |23 160 |14 | |
Cu [66 +[178+|136+ (99 +|158¢+|372+|105%
50 |75 1.8 1.3 12 |71 20 | | |
Ni 123+ | 110+ | 113273 ¢
< X 35 |59 |38 | | | |
NiCu | 394+ | 485+ |31.0+ | 381+ |3092 281+
X 32 |58 210 |00 109 |108 | | | |
T Co 809+ | 758+ 892+ | 8741+ 937+
E |7 |52 |25 |37 |34 1.0 | | |
W  Fe 329+ | 541+ |502¢+|677+|725¢
|7 |32 |50 |83 102 |12 | | |
Ti 122+ 203+ | 314+ |219¢
o L T T ] |98 |68 |88 |66
Ag 54 +|37 +|36 +|57 |72 +|469+ 551+
|15 1.1 08 | 4.1 0.7 7.8 160 | |

Supplementary Information Page 40 of 49



A WD -

© 00 N O

10
11

(a) . . _
Nitrate Intensity | uS min
95 100 105  11.0
012 ———r—Tr—rrrTrrr— 1.02
= [ a | 1.00
£010 fy=010x+000 p , 1 "
c Ri=100 @ 4 | 098
5 008 T 2 1 096
= 4 ]
€006 | p/n/ 1 0904
2 / i
Soosa | o A ] 092
/
= o y=013c-036 ] 2%
£ 002 | =0.13x-0.36 1
= _G’Q ] R2=0.96 1 0.88
0.00 ] 086
0.0 05 1.0 15

Supplementary Figure 18. Typical examples of calibration curves for (a) nitrite and nitrate by anion IC and (b)
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Supplementary Figure 19. Calculated nitric oxide adsorption energy against Eq vs Eg for the series of stepped
TM surfaces investigated here, illustrating the dependence of adsorbate binding energies on critical electronic

15

2.0

structure descriptors such as Eq vs Er. T Data for Eq vs Er adapted from Ref. 5! and NO adsorption energies from

Ref. 52,
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Supplementary Figure 20. Pauli repulsion term against Eq vs Er for select 3, 4™, and 5" row TMs. T Data for Eq
vs Er and Vaq? adapted from Ref. 52,
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Supplementary Figure 21. NO3RR FE against (a) H chemisorption energy, (b) work function, (c) Eq vs Eg, and
(d) Vag? for a series of TM foils and measured by 85% iR-corrected CA to 0.2 e/NOs". #°T Data for H
chemisorption energy adapted from Ref. 28, work function from Ref. %7, and Eq vs Er and V2, from Ref. 5.,
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Supplementary Figure 22. Selectivity towards ammonium against (a) H chemisorption energy, (b) work
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function, (c) Eq vs Er, and (d) Vaq? for a series of TM foils and measured by 85% iR-corrected CA to 0.2
e/NOy. +° T Data for H chemisorption energy adapted from Ref. 28, work function from Ref. %7, and Eq4 vs Er and

V2, from Ref. 5L,
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2.4. Density functional theory figures
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Supplementary Figure 23. (a) The activation barrier (Ea) for dissociation of adsorbed nitric oxide (NO®) into
nitrogen and oxygen adatoms (N* + OY) decreases in concert with the enthalpy of dissociation
(A(Ey.+0+ — Enox) ), in-line with Bronsted-Evans-Polanyi scaling relationships. (b) Activation barrier for
dissociation of adsorbed nitric oxide against Eq vs Er. T Values for Eq vs Er from Ref. 2.
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Supplementary Figure 24. Nitrite free energy of adsorption against that of associative (circles with long orange
lines) or dissociative (squares with short black lines) nitric oxide adsorption for a series of denoted TM foils.
NO(g) was used as a reference state for AGyo. and AGy.4o. calculations, while NO; ) was used as reference
state for AGyo; . calculations.
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Supplementary Figure 25. Calculated free energy of reaction coordinate for the reduction of adsorbed nitrite

(NO3™) to nitric oxide (NO™), and its subsequent dissociation (N* + 0*) for the denoted TMs. NOz() used as
reference state with % Oy(q) included for AGyp, and AGy.,ox-

Supplementary Table 3. Adsorption enthalpies (AE,;s) and free energies (AG,,4s) for nitrite and molecular

and dissociated nitric oxide on a series of low-energy TM surfaces.
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Element Ti Fe Co Ni Nio.67CUo.33 Cu Ag

Phase hcp bcc hcp fcc fcc fcc fcc
Orientation || (0001) (110) (0001) (111) (111) (111) (111)

_ AEyo -5.46 -2.81 -2.46 -2.39 -2.26 -1.21 -0.40
H% > | AEn+o | -546 -5.39 -3.83 -3.12 -2.65 -0.94 1.84
g @ AGpno -4.90 -2.32 -1.94 -1.86 -1.74 -0.70 0.06
AGy,o | -4.90 -4.78 -3.20 -2.47 -2.02 -0.34 2.40

AEyo; || -10.11 | -2.51 -1.67 -1.55 -1.60 -1.17 -0.64

- AEyo -4.29 -1.63 -1.29 -1.22 -1.08 -0.03 0.77
G%; > | AEn+o | 429 -4.21 -2.66 -1.94 -1.47 0.24 3.01
5 © AGyos | -9.49 -1.94 -1.14 -1.00 -1.05 -0.65 -0.23
= AGpno -3.73 -1.15 -0.76 -0.68 -0.57 0.48 1.23
AGyyo || -3.73 -3.61 -2.02 -1.29 -0.84 0.84 3.57
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