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Abstract

Electrocatalytic denitrification is a promising technology for removing NOx species

(NO3
−, NO2

− and NO). For NOx electroreduction (NOxRR), there is a desire for

understanding the catalytic parameters that control the product distribution. Here,

we elucidate selectivity and activity of catalyst for NOxRR. At low potential we clas-

sify metals by the binding of ∗NO versus ∗H. Analogous to classifying CO2 reduction

by ∗CO vs ∗H, Cu is able to bind ∗NO while not binding ∗H giving rise to a selec-

tive NH3 formation. Besides being selective, Cu is active for the reaction found by an

activity-volcano. For metals that does not bind NO the reaction stops at NO, similar to

CO2-to-CO. At potential above 0.3 V vs RHE, we speculate a low barrier for N coupling

with NO causing N2O formation. The work provide a clear strategy for selectivity and

aims to inspire future research on NOxRR.
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Introduction

Nitrogen can be transformed through biological and physical processes within the nitro-

gen cycle to form a broad spectrum of inorganic compounds, including ammonia (NH3),

hydrazine (N2H4), hydroxylamine (NH2OH), nitrite (NO2
−), nitrate (NO3

−), nitric oxide

(NO), and nitrous oxide (N2O).1,2 While many of these processes are essential to life, large-

scale commercial food production has led to over-fertilization and consequent accumulation

of nitrate and nitrite ions in groundwater and in agricultural runoff streams. Both nitrate

and nitrite ions are a source of pollution in groundwater, lakes, and coastal water, causing

serious health problems, such as methemoglobinemia and cancer, when ingested in high con-

centrations.3–5 As a result, groundwater treatments to reduce the concentration of these ions

have been developed and have become an important environmental consideration.6,7

Meanwhile, the artificial N2 fixation towards NH3 is produced via the Haber-Bosch pro-

cess. In the Haber-Bosch process, NH3 is produced in a reaction between H2 and N2 at high

pressure and temperature. As a consequence, the Haber-Bosch process depends on the use

of gaseous H2 which is commonly made from fossil fuel steam methane reforming (SMR).

By contrast, the electrochemical conversion of NOx (x = 1, 2, and 3) to NH3 involves only

H+ and electrons from electricity that can be from sustainable sources, like wind and solar

energy.

Electrochemical denitrification is a promising strategy for the removal of NOx species from

waste-water and constitutes a plausible alternative to traditional denitrification methods,

such as biological and physical separations processes, due to its environmental compatibility,

energy efficiency, safety, product selectivity, and potential for use in smaller-scale devices.6–15

Nitrate and nitrite electroreduction can produce a variety of products, such as N2, N2O,

NH3, and NH2OH.7,9,16,17 The reduction of NO is an essential environmental reaction, since

it determines the performance of waste-water treatment catalysts for NO3
−, NO2

− and NO

removal.6,7

Investigating electrochemical NO reduction (NORR) is a first step toward understanding
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the fundamentals of electrocatalytic NO3
−/NO2

− reduction and developing improved electro-

chemical denitrification or even sufficient NH3 production technologies.6,7,9,18–20 In addition,

the study of NO electrochemistry is of fundamental scientific interest because observations

and developed methods can be straightforwardly applied to other environmentally friendly

electrocatalytic reduction chemistries. Indeed, as we will show, the electrochemistry of NO

has numerous analogies to CO2/CO electroreduction, which has been reported before.21,22

In this work, we study the potential dependence of the electrocatalytic reduction of NO

among a group of metals via density functional theory (DFT) simulations. Electrochemical

NO reduction is complicated reaction, and in this work, we aim to understand the reaction

and capture the main features of the reaction, which can enable us to find promising cat-

alysts without knowing all the reactions details, such as kinetics. The ideal scenario of all

electrocatalysts is that a catalyst can conduct the reaction at low overpotential and with

acceptable rates and faradaic efficiency. For NORR at catalyst potential, just above HER,

NH3 formation has been reported with fairly high Faradaic efficiency.14,23,25,31 However, at

these potentials a relatively low rate is obtained, simply due to the slow HER. In addition,

Increasing the overpotential to speed up the reaction, is not possible since this leads to a

significant increase in H2 evolution and as a result the Faradaic efficiency quick drops.14,26,31

In conclusion, the scenario that we try to cover in our selective scheme is the case where

selective NH3 formation from NORR is obtained with acceptable rate with a normal surface

area catalyst. We note that rates will depend on the number of active sites; if a high sur-

face area catalyst is used, sufficient rates could in principle be obtained prior to HER with

acceptable Faradaic efficiency. Here, we classify metals for the electrochemical reduction of

NO3
−/NO2

−/NO, to understand what surface properties determine the main product during

reduction, which has been found to be: H2, NH3, N2 and N2O. The classification scheme for

NO3
−/NO2

−/NO reduction is applied to understand products distribution without knowing

the mechanism, while NO3
−/NO2

− reduction is beyond the scope. The analysis has been

split into two potential regions according to experimental results as shown in Fig. 1: low
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and high potential. In each potential region, a descriptor-based method has been utilized to

explain experimental observations of the various products formation. Especially under low

potential, activity volcano has been constructed against the adsorption energy of ∗N, and

Cu has been demonstrated as the most selective and active metal here for NO reduction

since it adsorbs ∗NO but not ∗H.

Our working hypothesis is that the binding energies of relevant intermediates will de-

termine trends in catalytic properties of each metal catalyst. This is under the assumption

that (a) the interaction between metals and the electrochemical environment is similar; (b)

the trends in low-coverage regime capture the most important features of the catalyst per-

formance; (c) the classification is assumed to be within the major products.
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Figure 1: Schematic representation of experimental products from NO reduction on (a)
Pt(111) and (b) Cu(111) and the relation to surface coverage. Two potential regions are
shown with different product formation.
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Electrochemical reduction of NO3
−/NO2

−/NO

The electrochemical conversion of NO3
− under reduction condition is complex, involving

multiple reactions, products and stable intermediates (e.g., ammonia, nitrite, hydroxylamine,

nitric oxide, nitrous oxide) spanning the many nitrogen oxidation states (from -III up to +V).

With referring to the reversible hydrogen electrode potential (RHE), the reduction products

would be produced following the reactions below:

2 NO3
− + 12 H+ + 10 e− −−→ N2 + 6 H2O E0 = 1.25V (1)

2 NO3
− + 10 H+ + 8 e− −−→ N2O + 5 H2O E0 = 1.12V (2)

NO3
− + 4 H+ + 3 e− −−→ NO + 2 H2O E0 = 0.96V (3)

NO3
− + 2 H+ + 2 e− −−→ NO2

− + H2O E0 = 0.94V (4)

NO3
− + 9 H+ + 8 e− −−→ NH3 + 3 H2O E0 = 0.88V (5)

NO3
− + 7 H+ + 6 e− −−→ NH2OH + 2 H2O E0 = 0.73V (6)

As for the NO2
− reduction process:

2 NO2
− + 8 H+ + 6 e− −−→ N2 + 4 H2O E0 = 1.45V (7)

2 NO2
− + 6 H+ + 4 e− −−→ N2O + 3 H2O E0 = 1.29V (8)

NO2
− + 2 H+ + e− −−→ NO + H2O E0 = 1.00V (9)

NO2
− + 7 H+ + 6 e− −−→ NH3 + 2 H2O E0 = 0.86V (10)

NO2
− + 5 H+ + 4 e− −−→ NH2OH + H2O E0 = 0.62V (11)

Electrochemical NO reduction reaction has been studied under a variety of reaction con-

ditions, including reactions on different metal electrodes,23–26 and varying NO concentra-

tions.23,27 Overall, there are four different products depending on potential observed during
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NORR process:

2 NO + 4 (H+ + e−) −−→ N2 + 2 H2O E0 = 1.68V (12)

2 NO + 2 (H+ + e−) −−→ N2O + H2O E0 = 1.59V (13)

NO + 5 (H+ + e−) −−→ NH3 + H2O E0 = 0.71V (14)

NO + 3 (H+ + e−) −−→ NH2OH E0 = 0.38V (15)

Except the reactions mentioned above, the competitive hydrogen evolution reaction

(HER) becomes pronounced when potential goes below 0 V vs RHE:

2 (H+ + e−) −−→ H2 E0 = 0V (16)

Thus, below 0 V (vs RHE), the observed Faradaic efficiencies, or percent of electrons used in

NORR, can be greatly impacted. All the reactions described above from NO3
−/NO2

−/NO,

illustrate that adsorbed nitric oxide (∗NO) as divergent center, may control the electrocat-

alytic selectivity towards N2O, N2, NH2OH and NH3 as illustrated in Fig. 2. As a result, the

affinity to NO on metals will play an essential role in their reduction selectivity performance.

NO3-

*NO2*NO3

NO2-

*NONO

N2
N2O

NH2OH

NH3

Figure 2: Schematic representation of NO3
−/NO2

−/NO reduction pathways.
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Results and Discussion

Fig. 1(a) shows for Pt that there are two major reaction regions for NO reduction:

• at low potential (< 0.3 V vs RHE) where both H2 and NH3 are observed, and at the

potential below 0 V vs RHE, H2 becomes the main product.

• at high potential (0.3 - 0.7 V vs RHE) which leads to N2O formation.

Similar potential regions have been observed on other metals, such as Pd, Rh, Ru, Ir and Au.

As a comparison, Fig. 1(b) shows Cu producing NH3 as the main product at low potential

(< 0 V vs RHE) and N2O above 0 V vs RHE.

NORR under Low Potential

To conduct electrocatalytic NOx reduction on catalysts, NOx species are expected to be

adsorbed on the surfaces. In addition, the competition from HER also has to be avoided,

especially under low potential region.

Fig. 3(a) shows the adsorption energies of ∗NO3 plotted against ∗H adsorption energy.

The horizontal line in Fig. 3(a) shows the equilibrium between NO3
− and adsorbed ∗NO3

while the vertical line depicts the equilibrium between (1/2)H2 and adsorbed ∗H under

standard conditions. It is found that almost all metals investigated here can absorb ∗NO3,

except Au (Fig. 3(a)). As a result, all metals, except Au might obtain the electrocatalytic

activity for NO3
− reduction, while on Au, the electroreduction of NO3

− is hardly detectable

as reported experimentally.16 As for the adsorption of ∗H, there are three binding energy

regimes: i) binding ∗H weakly, limiting availability towards adsorbed ∗H paves high barrier

for their catalytic activity of NO3
− reduction (Ag/Au); ii) binding ∗H moderately but still

above 0 eV (Cu) and iii) the remaining metals to the left of vertical line bind ∗H strongly,

mainly resulting in HER instead of NO3
− reduction, especially at potential below 0 V vs

RHE.
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Figure 3: The adsorption energies of the intermediates (a): ∆E∗NO3 ; (b) ∆E∗NO2 and (c)
∆E∗NO are plotted against ∆E∗H. The horizontal line shows the equilibrium between (a)
NO3

− and adsorbed ∗NO3; (b) NO2
− and adsorbed ∗NO2; (c) NO(gas) and adsorbed ∗NO

while the vertical line depicts the equilibrium between (1/2)H2 and adsorbed ∗H under
standard conditions. Red makers demonstrates H2 produced as the main product while Cyan
color markers shows NH3 is the main product according to experimental results.9,10,26,28–30
Here, metals without notification are face-centered cubic (111) structures, except Ru is
hcp(0001). Note the effect of the local electric field on the covalent adsorption, including
∗NO and ∗H is modest. However, ∗NO3 and ∗NO2 is partly influenced by the electric field
as shown in Fig. S2.

Fig. 3(b) illustrates the adsorption energies of ∗NO2 is plotted against ∗H adsorption

energy. The horizontal line shows the equilibrium between NO2
− and adsorbed ∗NO2 and

again the vertical line describes the equilibrium between (1/2)H2 and adsorbed ∗H. The

adsorption tendency towards ∗NO2 are observed similar to ∗NO3, except Au. Au binds ∗NO2

stronger than ∗NO3, and is close to the equilibrium between NO2
− and ∗NO2, leading to

some catalytic activity of NO2
− reduction18. Similar to NO3

− reduction, for NO2
− reduction,

the metals to the left of vertical line binding ∗H strongly, produces H2 as the main product

under low potential. For the metals to the right of the vertical line, binding ∗H weakly, like

Ag and Au, catalytic NO2
− reduction is unfavorable due to limiting accessibility of adsorbed

∗H. As for Cu, it adsorbs ∗NO2 and produces NH3 with limited HER.

Similar to CO reduction, NORR has been suggested as proton-electron coupled reaction

based on the Tafel slope and the pH dependence.23,25? As CO reduction has ∗CO adsorption

as a prerequisite descriptor before proton-electron reaction, the NO reduction will have ∗NO

adsorption as a prerequisite descriptor. While, we note that CO2 reduction directly can
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carry out the electron reaction to CO2
−.35? Fig. 3(c) shows the adsorption energies of ∗NO

plotted against ∗H adsorption energy. The horizontal line illustrates the equilibrium between

NO (gas) and adsorbed ∗NO and the vertical line shows the equilibrium between (1/2)H2

and adsorbed ∗H. Fig. 3(c) illustrates that metals can be classified into three groups in terms

of the adsorption energies for ∗NO and ∗H. Metals on the left of vertical line like Pt, Pd,

bind both ∗NO and ∗H very strongly, resulting in HER at potential below 0 V vs RHE. On

the metals below the horizontal line, the ∗NO binds to the metal surfaces. For the metals

on the left of the vertical line, ∗H comes to the surfaces at positive potential. Both these

observations lead to partial NH3 formation at potential just prior to H2 (H2 is very slow)

and dominant H2 production with more negative potential applied to these catalysts. This

can be seen in some literature.25,26,31 Taking Ni as an example, few observations of NH3 has

been seen at very low overpotential, before HER.31 This is in the region where Ni can have

∗H underpotential deposited (∗Hupd) but is not working as sufficient HER catalyst. It is

general observation that NH3 can be formed as the main product at low overpotential when

∗H is present just prior to efficient HER for the catalyst.

For the metals above the horizontal line like Ag and Au, it is unfavourable to bind ∗NO,

which limits NO reduction. Indeed, on Ag and Au, NH3 formation has been reported in

limited current.14,31 This is at potentials where Ag and Au have very low coverage of ∗H,

just prior or at the potential for H2 evolution. At more negative potentials, H2 becomes

the main product when more negative potential is applied.14 Similar phenomena is reported

on Ag and Au for CO2 reduction where limited methane/methanol is observed.32,33 These

observation indicates that there exists local interesting potential range for NH3 or CH4

formation at limited rates on Ag/Au for NORR or CO2 reduction respectively. However,

experiments for NORR also have shown that no NO adsorbate layer on Au is formed and

also little formation of NH3 is observed.25 In addition, no drastic changes in voltammograms

for Ag in Ar and NO was also observed, supporting the limited NORR activity on Ag.31

Here, only Cu metal binds ∗NO while not having ∗Hupd leading to NH3 conversion.
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The analysis above, shows that NOx (NO3
−, NO2

− and NO) reduction on the metals to

the left of the vertical line in Fig. 3 is greatly inhibited by HER, leading to low NOx product

faradic efficiency. For the metals above the horizontal line in Fig. 3(c), NOx (NO3
− and

NO2
−) reduction can happen with sufficient potential applied, producing NO while further

reduction of NO is hard. Cu stands out with the unique property that it can bind ∗NO3,

∗NO2 and ∗NO but not ∗H, demonstrating its high selectivity for NOx reduction over HER.

This is similar to CO2/CO electroreduction (CORR).21

Here, the ∗NOx vs ∗H is considered as a selectivity mapping. HER is a competing

reaction to NOx reduction, which is like HER competition with CO2/CO reduction. What

is important is the relative availability of ∗H and reactant (∗NOx for NOxRR or ∗CO for

CORR) for the products formation. Experimentally, it is shown that Rh produce H2 at

potential below 0 V for NO3
− reduction even though ∗NO3 adsorption is stronger (-1.2

eV) than ∗H adsorption (-0.35 eV).34 In addition, similar for CO2/CO reduction, HER

happens on Pt and over 95% FE of H2 is reported, even though Pt adsorbs ∗CO (-1.4 eV)

much stronger than ∗H (-0.2 eV).35 Although NOx or CO binds stronger at the catalyst

in both cases, the availability of ∗H and hence kinetics for HER is so fast that NOxRR

and CORR is not observed. This correspond to major differences in reaction prefactor for

the competing HER and NOxRR/CORR, resulting in H2 as primary product. However,

the product distribution might change in the different setup, such as gas diffusion electrode

(GDE) where NO can have higher chemical potential (pressure).31 In rotating disk electrode

(RDE)/aqueous setup, there is a limitation of the NO solubility (0.0056g/100ml at 20 °C).

Due to different setup, GDE and RDE change the availability of ∗H relative to the reactant

∗NO on surfaces which again is similar to the situation in CORR where different products

distribution is reported in RDE and GDE setups.36,37

Fig. 4 demonstrates computational limiting potential for NO reduction towards NH3

plotted against the adsorption energy of ∗N (∆G∗N) with the utilization of the scaling re-

lations presented in Fig. S3. The red line represents the strong binding side of the volcano
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where the hydrogenation of ∗NH to ∗NHH is limiting step. The blue line shows metals with

weak binding of ∗N. For the metals on the weak binding side, ∗NHO is preferred in the

protonation of ∗NO, and NH3 will be produced via ∗NHHO intermediate, leaving ∗O on the

surface as shown in Fig. S5. On the weak binding side, Cu prefers ∗NOH while ∗NHO is

formed on Ag or Au in the hydrogenation of ∗NO. Further hydrogenation of ∗NOH on Cu

produces ∗N and then continuous protonation of ∗N leads to the formation of NH3. Among

all the metals investigated here, Cu is predicted to be the most active catalyst to produce

NH3.
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A closer catalytic reaction process on Cu(111) can be seen in the insert of Fig. 4.

It proceeds via the protonation of the adsorbed ∗NO to ∗NOH intermediate, and further

protonation of ∗N and ∗NH leads to NH3 formation. The first hydrogenation of ∗NO is the

potential limiting step. As a result, Cu(111) provides the highest catalytic activity for NH3

formation among all metals investigated here, and its catalytic activity can be still enhanced

by strengthening its ∗N adsorption, since it is still not on the top of the volcano.

Following the scaling relation between ∗N and ∗H and the scaling relation between ∗N

and ∗NO shown Fig. S6, the product selectivity (vertical dashed lines) can be also indicated

in Fig. 4. When ∆G∗N is smaller than -1.5 eV, ∆G∗H becomes negative and H2 will be

the main product. For metals with ∆G∗N larger than -0.83 eV, the adsorption of ∗NO is

unfavorable, leading to the formation of NO. Cu has ∆G∗N between -1.5 eV and -0.83 eV,

leading to high selectivity for NH3 production in the process of NORR, as also seen in Fig.

Fig. 3.

This computational analysis explains that the experimental results with high faradaic

efficiency (> 90%) for NOx (NO3
−, NO2

− and NO) reduction to NH3 have been achieved

on Cu-based catalysts.10,11,26,38–42 More interestingly, enhanced catalytic activity has also

been observed when Cu is alloyed with strong ∗N adsorption metals, like Ni and Rh.11,39–41

This might be due to the stabilization of ∗NOH intermediate, getting close to the top of

the volcano shown in Fig. 4(a) but still ∆G∗N in the region of -1.5 eV to -0.83 eV. Fig. 4

shows that there is a very little window to find both selective and active catalyst for the NO

reduction in the volcano. Specifically, it hints that we cannot find a metal catalyst that is

better than Cu, since it will then become selective toward HER or it will not adsorb NO. At

medium potentials (around 0 - 0.3 V vs RHE), the HER is thermodynamically impossible

and NH3 is reported as the major product25. With limited access to adsorbed ∗H, much less

current density is observed experimentally for the metals.16,18,25 Still, much higher current

density at medium potential is reported on Cu for NOx (NO3
−, NO2

− and NO) reduction

under the same experimental conditions, compared to other transition metals.
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NORR towards N2O under High Potential

At high potential region, N2O formation is observed. For this reaction to occur, N-N cou-

pling is required. Fig. 5(a) shows that the ∗ONNO formation on metals from two NO is

unfavourable. More specifically, for strong *NO adsorption metals, two *NO prefer to absorb

separately. For metals binding *NO weak like Ag and Au, formation of *ONNO is possible

from adsorbed *NO, but adsorption of NO is unfavourable. Experimentally, it has been

suggested that solution NO is involved in the reaction sequence to produce N2O since N2O is

not produced during the reduction of adsorbed ∗NO.25 It seems more reasonable to speculate

N-N bond formation from ∗N and NO. As for the formation of ∗N, besides the continuous

protonation of NOx, the dissociation of NOx can be another option. Fig. S3 (a-c) present

the activation barriers for NOx dissociation. Ni and Rh have the lowest barriers whereas

Ag or Au have the highest barrier. Generally, the barriers for Cu and the platinum group

metals is between the two extremes. For the ∗NOx (x = 1, 2, and 3) dissociation reactions,

Ea increases with decreasing x on a specific metal, implying that the final dissociation step

has the highest activation energy. As a result, ∗N might be produced via the dissociation

of ∗NO3 and ∗NO2 and then the hydrogenation of ∗NO. As for the formation of ∗NO from

∗NO3 and ∗NO2 except the direct dissociation mentioned above, the proton-assisted N-O

bond cleavage has also been considered. Here, the first protonation of ∗NO3 and ∗NO2 shows

that molecular HNO3 or HNO2 desorb from the surfaces, and potentially these species in

solution come back into the NO3
−/NO2

− ionic state. A second protonation of HNO3 or

HNO2 to H2O and ∗NO2 or H2O and ∗NO is possible, but not investigated here.
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Fig. 5(b) shows the activation barrier for N-N bond formation between adsorbed ∗N and

NO plotted against the activation barrier of N2 formation from two adsorbed ∗N. There is

almost no activation observed for N-N coupling between ∗N and NO except Ru, no matter

how strong ∗N is adsorbed. Following the experiments, where 0.5 monolayer ∗NO coverage

has been suggested on strong adsorption metals like Ru,25 ∗N and NO coupling becomes

feasible with this coverage consideration. In addition, the activation barrier of N2 formation

from adsorbed ∗N is larger than N2O formation.

Fig. 5(c) shows the adsorption energy comparison between ∗NO and ∗N2O. The hori-

zontal line shows the equilibrium between NO (gas) and ∗NO while the vertical line depicts

the equilibrium between N2O (gas) and ∗N2O under standard conditions. It shows that the

adsorption of N2O is not stable for all metals. As a consequence, N2O will be the main

product during NOx reduction at high potential.
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Conclusions

In this study, we use DFT simulations to investigate electrocatalytic NOx reduction selec-

tivity and activity over metal catalysts. Analogous to classifying CO2 reduction by ∗CO

vs ∗H, we classify metals by the adsorption energy of ∗NO vs ∗H. Since the selectivity of

the NOx reduction is potential dependent, the products formation has been analysed in two

different potential regions. At low potential, we think of a general observation, that NH3 can

be formed as the main product when underpotential ∗H is just present on the electrodes.

However, trying to increase the reaction rate by slightly more negative potential speeds up

HER and gives a significant drop in NH3 formation, NOx reduction competes with HER,

leading to H2 as the major product on strong ∗H binding metals. For metals binding ∗H

weakly like Ag or Au, NO3
− and NO2

− reduction will stop at NO similar to CO2-to-CO. Cu

stands out with the unique property that it can bind ∗NO3, ∗NO2 and ∗NO but not having

∗Hupd, leading to high selectivity for NH3 formation.

With the utilization of scaling relations for intermediates adsorption energies, DFT sim-

ulated limiting potential is plotted against the adsorption energy of ∗N. Cu is predicted to

be the most active metal to conduct NO reduction towards NH3 and the potential limiting

step is the hydrogenation of adsorbed ∗NO. The volcano shows that enhanced activity can

be achieved by slightly strengthening the adsorption energy of ∗N on Cu, like alloying Cu

with metals binding ∗N stronger but ∆G∗N still should be larger than -1.5 eV. At potential

between 0 to 0.3 V vs RHE, the limiting adsorbed ∗H results in much less current density

compared to that under low potential for NOx reduction. Still NH3 is reported as the main

product and Cu demonstrates higher current density under the same conditions as compared

to other transition metals.

At high potential condition (> 0.3 V vs RHE), high coverage of adsorbed ∗NO is observed

for NO reduction. With free NO in the solution, the N-N bond formation from adsorbed ∗N

and NO, forming N2O, is feasible while it is impossible to produce N2 via the association of

two adsorbed ∗N.
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These descriptor-based analyses in this work provide a description of the NO reduction

or even NO3
− and NO2

− reduction network on metals at atomic scale. These findings offer a

guidance or inspiration for the design and discovery of both selective and active NOx (NO3
−,

NO2
− and NO) reduction electrocatalysts.

Computational Details

The computational analysis was carried out using the grid-based projector-augmented wave

(GPAW) method, a DFT code based on a projected augmented wave (all-electron frozen

core approximation) method integrated with the atomic simulation environment (ASE).43–45

The revised Perdew-Burke-Ernzerhof (RPBE) functional was used as an exchange-correlation

functional.46 The wavefunctions were represented on a uniform real-spaced grid with 0.18

Å grid-spacing. Monkhorst-Pack k-points sampling of 3 × 3 × 1 were used for all calcu-

lations. The electronic spins are treated separately, and a vacuum of minimum 7 Å was

employed. Besides the calculation for climbing image nudged elastic band (NEB) was per-

formed with GPAW code.47 The quasi-Newton minimization scheme was employed for the

geometry optimizations, and the systems were relaxed until the forces were less than 0.05

eV/Å. The metal structures (except Ru which is hexagonal close-packed (0001)) are com-

posed of 111 surface slab face-centered cubic (FCC) 3 × 3 × 4 unit cell, with fixed two

bottom layers. For Pt and Cu, other facets, FCC Pt(110), Cu(110) and Cu(100) are

also considered in the classification. The ∗NO3 and ∗NO2 adsorption energies are cal-

culated with respect to nitrate ions (NO3
−) and nitrite ions (NO2

−) respectively in so-

lution, as shown in Fig. S1. The way of computing the free energies from DFT val-

ues, including details of zero-point energies, entropies and other additional corrections, is

shown in the Supporting Information. Structures, total energies, scripts to run calcula-

tions, and plotting methods are collected in the KatlaDB database available at this link:

https://nano.ku.dk/english/research/theoretical-electrocatalysis/katladb/.
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