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Abstract: NO removal from exhausted gas is necessary due to its
damage to environment. Meanwhile, the electrochemical ammonia
synthesis (EAS) from N, is suffering from a low reaction rate and
Faradaic efficiency (FE). Herein, we propose an alternative route for
ammonia synthesis from exhausted NO via electrocatalysis. Density
functional theory calculations indicate electrochemical NO reduction
(NORR) is more active than N; reduction (NRR). Via a descriptor-
based approach, Cu was screened out to be the most active
transition metal catalyst for NORR to NH;3 due to its moderate
reactivity. Moreover, kinetic barrier calculations reveal NH; is the
most preferred product relative to H,, N,O and N, on Cu.
Experimentally, a record-high EAS rate of 517.1 pmol-cm®h™ and
FE of 93.5% were achieved at -0.9 V vs. RHE using a Cu foam
electrode, exhibiting stable electrocatalytic performances with 100
hours run. The present work provides an alternative strategy to EAS
from exhausted NO, coupled with NO removal.

Introduction

Nitric oxide (NO) is one of the major air pollutants, which
has caused serious environmental issues, such as acid rain,
photochemical smog, and ozone depletion. The NO pollutant
mainly comes from the combustion of fossil fuels in power plants,
vehicles and factories™. At present, the most popular way of NO
removal is the selective catalytic reduction (SCR) technology, by
which NO can be converted into harmless nitrogen (N.) and
released®”. However, it's not the ideal way because it will
consume valuable ammonia (NHs) or hydrogen (H;) as the
reductant. In the meanwhile, the artificial N, fixation to NHs is
another challenged chemical process. As an essential chemical
substance to produce fertilizers, NHz was mainly produced via

Haber-Bosch process in industry, while it suffers from a high
temperature of 300~500 ‘C and pressure of 200~300 atm®. To
overcome the drawbacks, electrochemical N, reduction reaction
(NRR) has been proposed to produce NH; at ambient
conditions!, which mimics the biological nitrogen fixation.

Electrochemical ammonia synthesis (EAS) can be driven
by renewable electrical energy, generated by solar or wind.
However, two major problems limit the development of this
strategy. One is the low NRR activity. The best transition metal
catalysts (Ru and Mo) for NRR¥ exhibit experimental NHs yield
rates only 0.08 and 0.11 ymol-cm?.-h*, respectively®®® . Another
problem is the low NH; selectivity. For N, electroreduction in
aqueous solution, the competing hydrogen evolution reaction
(HER) is more preferred than NRR on all the transition metals
due to its higher limiting potential®. Hence, the Faradaic
efficiencies (FE) of NH; on pure transition metal catalysts are
very low? 7. Besides, an isotope labelling®® is often needed to
determine the trace amount of NH3 production.

Although many progresses have been made recently,[gl
the EAS from N is still far from practice. The difficulties can be
attributed to the chemical inertness of N, molecule. Can we
directly electrochemically reduce NO from exhausted gas to
ammonia by coupling NO removal and ammonia synthesis (as
proposed in Scheme 1)? Is it possible to overcome the
difficulties in present EAS route from N,? In fact, electrochemical
NO reduction reaction (NORR) has been investigated widely in
nitrate, nitrite and NO conversion for wastewater treatment™®,
while the catalysts were usually designed to produced No,
instead of NHs.

In this work, density functional theory (DFT) calculations
were performed to screen an efficient NORR catalyst. It was
found that Cu exhibit higher activity for NORR than NRR, as well
as superior NHs; selectivity relative to H; production.
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Experimental study of NORR on a Cu foam electrode achieved a
record-high EAS rate of 517.1 pmol-cm™?-h™ with a FE of 93.5%
at -0.9 V vs. RHE. This work suggests an alternative EAS route
from NO, coupled with NO removal, which is appealing due to
the high ammonia production rate and selectivity.
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Scheme 1. lllustration of the proposed electrochemical ammonia synthesis
route from NO. The nitrogen source (NO) is supposed from exhausted gases
from thermal power stations, factories, or vehicles. Electrical energy can be
generated from renewable solar, wind energy, or the hydro power. The
produced ammonia can be used as the chemical energy carrier and feedstock
of fertilizers. The middle region shows the possible reaction mechanisms (red
arrows) for NORR to NHs.

Results and Discussion

Computational screening of catalysts

According to the scaling relations of adsorption energies™,
a descriptor-based method was used in this work to screen the
promising transition metal catalysts systematically. In principle,
the NO reduction to NHz and H,O can follow either a dissociative
or associative pathway, as NRRI. In the former pathway, the
N-O bond can be broken at the first step. The resulting N* and
O* can be then protonated, respectively. In the latter case,
however, NO can be first hydrogenated to H{NOH, intermediates,
which will be continually reduced to NH; and H,O. For each
pathway, the hydrogenation process can either undergo a Tafel-
type route, namely, where the solvated protons first adsorb on
catalysts forming adsorbed H*, followed by surface
hydrogenation, or a Heyrovsky-type route, where a NO molecule
and intermediates are protonated directly. Consequently, there
are four categories of NORR mechanisms including dissociative-
Tafel (D-T), Heyrovsky (D-H), associative-Tafel (A-T), and
Heyrovsky (A-H) mechanisms, as shown in Scheme 1 (red
arrows). In addition, the A-T and A-H include four specific
pathways, named distal-O, distal-N, alternating-O, and
alternating-N, respectively (Figure S2). For distal-O (or N)
pathway, the O (or N) atom in NO can be first hydrogenated fully
to H,O (or NHj3), followed by another atomic reduction. For the
alternating-O (or N) pathway, the O and N should be
hydrogenated alternately. All the considered reaction
mechanisms are summarized in Table S1.
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We first calculated the adsorption energies of all the
intermediates involved in NORR, NRR, and HER on the terrace
surfaces of 10 transition metals (see details in Figure S3 and
Table S2). All the energies of intermediates show good scaling
relations with N* binding energy (Figure S4). Therefore, the N*
adsorption free energy [Gad(N)] was chosen as the descriptor.
For A-T mechanism, the four specific pathways (distal-O, distal-
N, alternating-O, and alternating-N) were first studied and
compared. As shown in Figure S5a~d, the AG-determining step
(GDS) is the same (H" + e —H*) in the right leg, while different
for the left leg. Among them, the alternating-N pathway is more
favorable (Figure S5e), which was chosen to analyze the A-T
mechanism in the following. For A-H (Figure S6), the distal-O
pathway is preferred near the optimum and representative. The
D-T, D-H, A-T (alternating-N pathway) and A-H (distal-O
pathway) mechanisms were plotted vs. Ga¢(N), as shown in
Figure 1a~d. The activity trends among them are compared in
Figure S7. As the A-H with distal-O pathway (AHDO) is more
preferred as Eag(N) <2.4 eV, the NORR will be analyzed in
detail for this mechanism. For AHDO (Figure 1d), as the
reactivity is weak, the total reaction is limited by the NO
protonation, while the NH* — NH,* turns to be the limiting step
for strong reactive metals. Among all studied transition metals,
Pd and Pt are most active in D-T and A-T mechanism, while Cu
is optimal in D-H and A-H (Figure la~d). The most important
AHDO pathway for NORR to NH; over copper as following:

NO(g) + (H" + &) — NOH* @
NOH* + (H" + &) — N* + H,0 @)
N* + (H" + &) — NH* ®)
NH* + (H + &) — NHz* )
NHz* + (H* + &) — NHa(g) ®)

The NRR and HER were also studied to compare with the
NORR. For NRR, the associative alternating pathway is more
favorable than the distal for both A-T (Figure S8) and A-H
(Figure S9) mechanism. As Eag(N)<-0.58 eV, the D-H
mechanism is most favorable around the optimum (Figure S11).
The comparison among NORR, NRR, and HER is shown in
Figure 1e. A Pt was found close to the activity optimum of HER,
consistent with the observed facts over transition metal catalysts
for hydrogen evolution™™. Ru and Rh are the best candidates for
NRR, agreeing well with the previous study!”. The NRR activity
is always lower than HER for all the transition metals, resulting
in low NHs selectivity. However, the NHs3 selectivity is more
preferred than HER by ~0.65 V in limiting potential for the NORR
scenario, where Cu(111) is the best candidate. Furthermore, the
activities of transition metal step surfaces were also studied and
compared with terrace ones, as shown in Figure S12. Although
the limiting step (NH>,—NHs3) for strongly reactive metals turn to
be different from terrace surfaces, the Cu(211) is still close to
the activity optimum. As well-known, the scaling relation of
adsorption energies always limit the rate of a given chemical
reaction, while the NORR activity over copper is pretty close to
the activity optimum, as shown in Figure 1f. However, the NRR
activities were found far from the theoretical optimum over
transition metal catalysts'®.
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Figure 1. Thermodynamic estimation of NORR to NH3; and screening of catalysts. (a-d) AG plotted versus G,4(N) for D-T, D-H, A-T, and A-H mechanisms, where
the red and solid lines are the AG-limiting steps. (e) Comparison of the AG-determining steps between NORR, NRR, and HER. (f) A two-dimensional activity map
for ammonia production. All the reaction free energies are shown at 0V vs. RHE.

NORR on Cu(111)

In this section, we will systematically study the NORR
kinetics over a Cu(111) surface, combined with the calculations
of potential-dependent barriers via a ‘charge-extrapolation’
method, proposed by Narskov and coworkers™. The ab initio
calculations of electrochemical charge transfer reactions are
commonly performed at constant charge, which lead to dramatic
potential shifts along the reaction path. However, the real
electrochemical reactions are operated at constant potential. In
finite model system, as the charge transfer (q) and potential (U)
at initial (1S), transition (TS), and final state (FS) are usually
correlated linearly, therefore, a capacitor model can be used to
calculate the real barrier at a given potential (see Supporting
Information for more details).

A layer of water with a solvated proton was added on a
Cu(111) slab to explicitly model the electrochemical solid-liquid
interface (Figure S13). In addition to electrochemical processes
of proton transfer, some thermochemical steps are also possibly
important in electrocatalysis. For example, Rosca et al.*¥
proposed that a NO molecule was reduced to ammonia on

Pt(100) via the pathway of NO — HNO* — NH* + O* — NH3+
H,O (denoted as HNO-dissociative pathway), where the HNO*
dissociation is thermodynamically determined. Hence, this
pathway was also explicitly studied on Cu(111), compared with
the AHDO pathway. The free energy diagrams at 0 V vs. RHE
and corresponding structures of IS, TS and FS are shown in
Figure S14 and S15, respectively. For the HNO-dissociative
pathway, the rate-determining step (RDS) is HNO* — NH* + O*,
with a free energy barrier of 0.60 eV. For the AHDO pathway,
the most difficult step is protonation of NOH* (0.54 eV), which is
slightly lower than the former pathway and surmountable at
room temperature™. Besides, the barrier of NOH* protonation
will decrease under more negative potential in electrocatalysis,
while the barrier of thermochemical HNO* dissociation remains
with potential. Hence, the AHDO pathway should be more
preferred on Cu(111) under experimental conditions.

According to the previous reportsi’® ¢ the possible
products of NORR include Hz, NH3, N,O and Nz. The formation
of N2O was proposed to follow a Eley—Rideal (E-R) mechanism
on Pt(111)™" where a solvated NO first couples with an

This article is protected by copyright. All rights reserved.
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adsorbed NO* to form a trans-ONNO* dimer (limiting step),
followed by the protonation to ONNOH®*. Different from Pt(111),
the most difficult step of E-R mechanism on Cu(111) is the
protonation of ONNOH* to form N,O, with a barrier of 0.73 eV at
0V vs. RHE (Figure S16). Besides, the N* can be formed easily
with a barrier of 0.54 eV in the AHDO pathway (Figure S14), and
NHs is produced through the continually hydrogenation of N*.
However, there are two competitive processes for NoO (N-NO
coupling) and N2 (N-N coupling) production (Figure 2a). The
limiting steps for N, and N,O formation are N-N and N-NO
coupling, with the barriers of 0.92 and 0.60 eV, respectively. The
highest barrier to continually reduce N* to NH3 is 0.50 eV, lower
than the N-NO and N-N coupling. Moreover, the N* protonation
to NH; is totally electrochemical reaction and the barriers will
decrease at more negative potential, whereas the
thermochemical N-N and N-NO coupling barriers remain intact,
suggesting the NH; selectivity will be quite high at negative
potential. In addition, the hydrogen evolution needs to overcome
a barrier of 0.98 eV, which is most unfavorable compared to
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other products. Overall, the NORR to NH3 should exhibit high
activity and selectivity over copper electrode.

The high HER barriers compared to NH3; production are
also elucidated well. For NOH* + (H'+e) — N*+ H,0, the
transition states are initial-state-like (Figure 2b), resulting in a
small barrier, so does the N* + (H'+e) = NH* (Figure 2c). For
NO + (H'+e) — NOH*, NH* + (H'+e) — NHp*, and NHy* +
(H*+e) — NHs, we have analyzed the projected density of states
(PDOS) and electronic localization functions (ELF) for the
transition states. As the transferring protons have strong
electronic interactions with O in water layer and intermediates
simultaneously, as indicated by the ELF and hybridized peak a,
B and y of DOS (Figure 2d~f), suggesting the new H-O or H-N
bond with adsorbates have been formed partially before H,O---H
bond breaking, which stabilize the transition states. For the
proton adsorption reaction (Figure 2g), however, the H,O--H
bond has been broken before the H approaching to the surface.
Therefore, the transition state is not well stabilized, and the
kinetic barrier is relatively higher.

(b) IS T$ % FS _
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©) IS TS FS
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wn
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Figure 2. NORR over Cu(111). (a) Free energy diagrams for HER, NORR to NHs, N,O, and N, under OV vs. RHE, the kinetic barriers shown in eV. (b)
Geometries of the IS, TS, and FS for NOH* + (H++ e) — N*+ H,O and (c) N* + (H++e') —NH?*; the light red, red, blue, and white atoms are Cu, O, N and H,
respectively; the green balls represent the hydrogen participating in the proton transfer. Projected Density of States (DOS) and electron localization function (ELF)
for the transition states are shown in (d) NO + (H'+e") — NOH*, () NH* + (H"+e) — NH,*, (f) NH,* + (H"+e) — NH; and (g) proton adsorption.

Experimental validations

According to the theoretical calculations, copper is predicted as
the most active and selective transition metal catalyst for NORR
to NHsz. To confirm the prediction, we have first performed
electrocatalytic NORR experiments using a Cu foil electrode at -

0.9 V vs. RHE. A Pt foil was also tested for a comparison. The
experiments were performed at an airtight H-shape reactor,
separated by a Nafion membrane 115 at 25 °C for 600 s, where
0.25 mol/L Li,SO4 was used as electrolyte. 30 mL/min of NO
flow was introduced to the cathode chamber as reactant. The

This article is protected by copyright. All rights reserved.
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gaseous products were detected by gas chromatography (GC)
and ammonia was quantified by ion chromatography (IC), details
were described in Supporting Information. The NH3 production
rate on Pt and Cu foil are 99.4 and 95.0 ymol-cm?-h™* (Figure
3a), respectively, which is very close. However, the H, evolution
rate on the Pt foil (730.7 pmol-cm?-h™) is much higher than that
on the Cu foil (135.7 umol-cm?-h™) (Figure 3a), leading to the
NHs FE of Pt foil much lower (Figure 3b). The higher current
density of Pt foil than Cu foil (Figure 3c) is also attributed to the
dominant HER. Hence, the Cu electrode is more interesting
rather than Pt for electrochemical ammonia synthesis from NO
reactant, considering the selectivity and price of catalysts. To
acquire a better performance, a Cu foam catalyst was prepared
and tested under the same conditions. Consequently, an
excellent NHs; formation rate (517.1 ymol-cm?®-h?) and FE
(93.5%) were obtained, with a significantly enhanced current
density (Figure 3a~c). In addition, the overpotential for NORR on
Cu foam is only 0.11 V at 10 mA-cm, which is competitive to
NRR. The improved NORR performances of Cu foam can be
attributed to its porous structure, which increases the specific

(@) v, EENO EN, TH,
]

T T
800 : ! :
— 1
= %I 1 1
N I 15171
S ) ! 1 1
<Q ! 1 1
° 1 1 1
=) 4004 1 | 1
= 1 1 !
o ! 1 1
1 1 1
& 20794 |Hleso | ,
L .NO . N0 SN0 TR
‘?\Fo‘\ Ncu;o\\ C“poaﬂ\ o | Foa® 2
(©)
04
a~
5 -304
<
E 601
2
2 90 Cu Foam Ar
3 —— Cu Foam N,
€ 1204 Cu Foil NO
[ —— Pt Foil NO
5 150 —— Cu Foam NO
O - : " ; : : :
12 09 06 03 00 03 06
Applied voltage (V vs.RHE)
() HEEN-H, EEN0 EEN, [TH,
— 100 4
g
> 801
(&)
=
2 ]
E
TR
L
153
T 201
<
Ll

-12 -09 -06 -03 0 03

Applied voltage (V vs.RHE)

2. =
NH, rate (umol-cm™h™)

10.1002/anie.202002337

WILEY-VCH

surface area of electrode and promotes the diffusion of NO and
NHs. In addition, the NORR performances of Cu foam were
examined at different potentials (-1.2 ~ 0.3 V vs. RHE).
Ammonia is always the dominant product over all studied
potentials and its production rate gets higher at more negative
potentials (Figure 3d). The NH3; FE increases until the potential =
-0.9V vs. RHE (Figure 3e), with the maximum of 93.5%.
Therefore, the potential -0.9 'V vs. RHE was the optimal for both
activity and selectivity for NORR to NHs; over a Cu foam
electrode. As a comparison, the NRR performance was also
examined on the Cu foam under the same conditions at -0.9V,
while only trace amount of NHsz (< 0.1 umol:cm?-h?) was
produced (Figure 3a). Even compared with some recent NRR
results (Table 1), the NORR with Cu foam still remains as a
record-high EAS activity and selectivity. More strikingly, the
ammonia production rate via NORR (9234 umol-g*-h?) at
ambient conditions can even reach the level of Haber-Bosch
process at high temperature!™” (Table S4), suggesting EAS from
NO is promising to be an alternative ammonia synthesis strategy.
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Figure 3. Experiments of NORR and NRR over different catalysts and theoretical microkinetic simulation. Reaction rate (a) and Faradaic efficiency (b) for NORR
on a Pt foil, Cu Foil, and Cu foam for 600 s, and NRR over Cu foam for 2 hours at -0.9 V vs. RHE. (c) Linear Sweep Voltammetry (LSV) for Pt foil, Cu foil and Cu
foam in NO-saturated 0.25 M Li,SO, Cu foam in Ar or N, -saturated 0.25 M Li,SO,4 acquired with a scan rate of 10 mV s™! at 25 °C. Reaction rate (d) and Faradaic
efficiency (e) of NORR on Cu foam at varying potentials. (f) The measured ammonia production rates over the Cu foam plotted as theoretical TOF at different

potentials.
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Table 1. Comparison of NORR on Cu foam with NRR from some recent reports

Potential NHj3 production rate
Catalysts Reactants Electrolyte 2,1 FE (%) Ref.

(vs. RHE) (umol-cm™-h™)
Ru SACs/N-C N2/H,0 0.05M H,S0, 0.2 1.81 29.6 (28]
Aug/Ni N2/H,0 0.05M H,S0, -0.14 0.87 67.8 (5]
Zr-TiO, N2/H,0 0.1M KOH -0.45 0.52 17.3 2]
K-BNC No/H,0 0.5M K,SO4 0.6 52 66 (9]
Cu foam NO/H,0 0.25M Li,SO,4 -0.9 517.1 93.5 This work

Moreover, a microkinetic model was performed to estimate
the turnover frequency (TOF) of NORR to NH3z on Cu(111) under
different applied potentials.® The kinetic equations were shown
in Table 2. The reaction constant k is calculated following the
Arrhenius-type based equation with the parameter of potential-
dependent activation barriers (Equation S5). The experimental
NHj; yield rate vs. theoretical TOF was compared in Figure 3f. As
the potential varying from 0.3 to -1.2 V, the TOF increases from
2630 to 7840 S*, because of the decrease of reaction and
activation energies at more negative potentials. The measured
NHs; production rate exhibits a nice linear correlation with
theoretically calculated activity, confirming our reaction
pathways and mechanisms above.

Table 2. The kinetic equations for microkinetic model

Elementary reactions
NO(g) +H'+e™ + * <> NOH*
NOH* + H™+e" & N* + H,0
N* + H'+e > NH*

NH* + H"+e" > NH*

NHz* + H' + & <> NHz(g)+*

Reaction rate (r)

r=P(NO) - P(H") -6(*) - ki — B(NOH*) -k,
r = B(NOH*) - P(H") -k — 6(N*) -P(H20) - ky
r=6(N*) - P(H") -k — B(NH*) - kp

r = B(NH¥) - P(H") -k — B(NH*) - ko

r = B(NH,*) - P(H+) ki — P(NHg*) - 6(*) - ks

[a] * indicates active site. 8 and P represent the concentration and pressure of
reactant, respectively. ki and k, are the reaction constant for forward and
backward reaction, respectively.

As an isotope labelling experiment is useful to exclude the
contamination of nitrogen source,® ! we have also performed
isotope labeling experiments for confirmation. *®*NO was used as
the reactant for NORR at -0.9 V vs. RHE for 30 minutes. After
reaction, the electrolyte was detected by lon Chromatography
(IC), NMR, and Indophenol blue methods independently (see
details in Sl). As shown in Figure 4a, a typical double peak on
®NH," at 5 = 6.93 ppm and 7.04 ppm by **NO reduced product,
well consistent with the **NH," reference. Furthermore, the tipple
peaks signals of **NH," were not found on ®NO reduced product,
demonstrating the produced ammonia is from the NO reactant in

our experiments. The quantification results are shown in Figure
4b. The average of 128.36 ymol with standard deviation of 0.098
was achieved, which indicate reliable results were obtained with
the IC, NMR, and Indophenol blue Methods. In addition, a 100
hours stability test was performed for the Cu foam at -0.9 V vs.
RHE (see Supporting Information for details). As shown in
Figure 4c, the increment of total charge consumption was linear
with time, with an average current 79 mA/cm?. The FE of NH3
was calculated as the average value within the measured time
slot, which was always higher than 90%. The structure of the Cu
foam retained after 100 hours run, according to the SEM image
as shown in Figure 4d. The crystallographic structure signals
after electrochemical reactions were still consistent with the XRD
pattern for as-prepared samples. The diffraction peak at 26 of
43.2° 50.4° and 74.1° correspond to the Cu(111), (200), and
(220) facet, respectively. No other phases were found in the
XRD patterns. The X-ray absorption near-edge structure
(XANES) spectra of Cu K-edge in Cu foam before and after
reaction are basically the same with the Cu foil standard,
indicating the valence state of electrode is metallic Cu, as shown
in Figure S23. The k*-weighted extended X-ray absorption fine
structure (EXAFS) in Figure 4e also shows the Cu-Cu
coordination was dominate structure, which has been confirmed
by XRD profile. Furthermore, the surface species and states
over the Cu foam were studied by X-ray photoelectron
spectroscopy (XPS). There are the sharp peaks at the binding
energy of 933 eV and 953 eV, and no signals around 945 eV,
which means the metallic Cu was dominant species on the
surface. Though some Cu (Il) species could be found according
to the two weak satellites peaks at binding energies of 944.8 eV
and 963.2 eV, which is due to the samples oxidized by air for
XPS examination. However, they remain intact before and after
electrochemical reactions, as shown in Figure 4f. All the
characterizations above indicate the Cu foam electrode was
robust enough during the 100 hours run.
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Figure 4. ®NO Isotope labelling experiment, stability test and characterizations for the Cu foam electrode. (a) The *H NMR spectra of “NH,", **NH," and **NO
reduced product; (b) the comparison of quantification results among the lon Chromatography (IC), NMR and Indophenol blue Methods; (c) the stability of Cu foam
was examined for 100 hours at -0.9 V vs. RHE; (d) the comparison of XRD profile and SEM images for the as-prepared Cu foam samples and those after
lectrochemical reactions; (e) the Fourier transforms of EXAFS signals for the standard Cu Foil samples, as-prepared Cu foam, and the Cu foam after reaction; (f)
the X-ray photoelectron spectroscopy for the as-prepared Cu foam and those after reaction.

Conclusion

A new electrochemical strategy to produce ammonia from
NO was proposed in this study, which can be coupled with the
need of NO removal. A thermodynamic estimation based on
DFT calculations suggests the NORR to NH; is a more effective
scenario rather than NRR. Copper was screened out to be the
optimal metal catalyst. Kinetic barriers calculations confirm the
NH; selectivity over copper is greater over N, and N;O
production, as well as compared to hydrogen evolution.
Therefore, we used the commercially available copper as

electrodes in experiments and examined their electrochemical
NORR performance. A record-high EAS rate (517.1 pmol-h™.cm®
%) and FE (93.5%) was achieved at -0.9 V vs. RHE over a Cu
foam, which also showed a long-term stability for 100 hours run.
Moreover, the NH3 production rate of NORR over the Cu foam
reached the level of Haber-Bosch process. Hence, we propose
an alternative route for electrochemical ammonia synthesis from
NO over copper, which also open up a new scenario to reuse
the exhausted NO gas in industry.
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We proposed an alternative route for ammonia synthesis from exhausted NO by electrocatalysis, coupled with NO removal. A record-
high electrochemical ammonia synthesis rate of 517.1 umol-cm?-h™ and FE of 93.5% were achieved at -0.9 V vs. RHE using a Cu
foam electrode.

This article is protected by copyright. All rights reserved.



