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Abstract: Drawing inspiration from the nitrate reductase enzymes, which catalyze nitrate to
nitrite in nature, here we introduce a bio-inspired, reduced molybdenum oxide (MoOx) shell that
is grown on top of a dendritic nickel foam core (Ninr). The resulting MoOx/NinF material is
prepared via a facile, two-step electrodeposition strategy using commercially available, low-cost
precursors. This catalytic material displays a remarkable faradaic efficiency (FE) of 99% at
—0.5 V vs. RHE and a high ammonia (NH3) yield rate of up to 4.29 mmol h™! cm ™2 at —1.0 V vs.
RHE in neutral media. Most importantly, MoOx/Ninr exhibits exceptional stability for the nitrate
reduction reaction (NO3RR), maintaining operation for over 3,100 hours at a high current density
of =650 mA c¢cm 2, with a yield rate of 2.6 mmol h™! cm™? and a stable average NH3 FE of ~83%.
We show, through combined XPS and in-situ Raman spectroscopy, that the pronounced affinity
of MoOx/Ninr for nitrate is associated with a substantial presence of oxygen vacancies within the

material.

Introduction

The excessive use of nitrogen-based fertilizers for agriculture over the last century has resulted in
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a global net increase of the amount of reactive nitrogen species in the environment.[!! Nitrates
represent the most problematic byproduct from over fertilization, as its high solubility and
environmental mobility endangers natural ecosystems via eutrophication, while also presenting a
great risk to human health due to the consumption of nitrate-polluted water sources.?!
Electrocatalytic approaches have been previously proposed as a promising strategy for water
denitrification, but initial studies targeted the reduction of nitrate to dinitrogen, owing to its ease
of separation from the polluted water sources.!*) However, this reaction involves the formation of
a N=N triple bond from two nitrate molecules, which represents a significant challenge as many
reaction byproducts and intermediates, such as nitrite, nitrous oxide, hydroxylamine or ammonia,
can be released along the reaction path and lower the reaction selectivity to N,.[3% 4]

Driven by the current surge of electrochemical approaches for the preparation of key commodity
chemicals, the selective nitrate reduction reaction (from here on referred to as NO3RR) to
ammonia was recently envisioned, as it provides an alternative route to produce ammonia from
waste sources while significantly lowering the selectivity challenge previously associated to
denitrification. It remains a kinetically challenging eight electron / nine proton reduction process
and selectivity issues towards the competitive hydrogen evolution reaction (HER) must be
addressed."]

Despite being only recently a focus of study, impressive selectivity to ammonia and high
ammonia partial current densities have been reported under neutral conditions (Table S1).[!
However, among the remaining challenges for the electrocatalytic reduction of nitrate to
ammonia, the identification of earth-abundant metal-based catalysts displaying high stability
while maintaining high selectivity and high partial current densities at neutral pH would
constitute a key step for the development of water denitrification processes.

In nature, the first key enzymes catalyzing the reduction of nitrate anions are nitrate reductase
enzymes (NRases), which catalyze the two-electron reduction of nitrate to nitrite in neutral
media.l”l A central step in the nitrate reduction by respiratory NRases is the coordination of the
weakly coordinating nitrate anions to a low-valent Mo(IV) center, followed by its reduction to a
nitrite anion via an oxygen atom transfer to the Mo site, yielding a Mo(VI) oxo species. The
active site of the NRases is regenerated via two consecutive proton-coupled electron transfer
(PCET) steps on this parent Mo(VI) oxo species.[’® 8]

Taking the molybdenum nitrate reductase enzymes as inspiration, oxo-containing molybdenum
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sulfide materials have been recently reported to catalyze the NO3;RR with high selectivity and
stability.’) In addition, we recently reported Fe-substituted two-dimensional molybdenum
carbide MXenes as highly active catalysts for the NO3RR with a faradaic efficiency (FE) for

11101 We identified that promoting the

ammonia of 70% and a yield rate of 12.9 umol h™! mg
formation of surface O vacancies and the corresponding generation of coordinatively unsaturated
low-valent Mo oxo was the essential step to enable catalytic activity, in close analogy to the
proposed mechanism of Mo-based NRase enzymes. However, both of these catalysts displayed
modest ammonia partial current densities overall, mainly hampered by their high activity for
HER. This was particularly evident in the case of molybdenum sulfide-based materials, where
the intense evolution of H resulted in reduced selectivity when operated at high current
densities.

In the present study, we report on the development of a low-valent Mo-oxide (MoOx) catalyst for
NOsRR, capitalizing on the strong binding energy of oxygen species on reduced Mo oxide
materials. Owing to the presence of oxygen vacancies,'!! the bio-inspired activation of nitrate
anions at the Mo centers are promoted while the competing HER is minimized. Indeed,
compared to the Mo sulfide and carbide materials used in the above-mentioned studies, undoped
Mo oxides are known to exhibit only modest HER activity in neutral media.l'?! Electrochemical
deposition under limiting current conditions is known to produce dendritic metallic materials of
high porosity, mainly resulting from the concomitant generation of hydrogen bubbles. The so-
called dynamic hydrogen bubble templating (DHBT) approach, as developed in our group!'* and
others,!'* has proven to be a successful strategy for electrocatalysts design, providing high
surface area materials with improved mass transport and potential confinement effects.[!”]
Leveraging on this synthetic approach, we introduce here a high surface area MoOx material
generated by electrodeposition that displays unprecedented NHj3 selectivity, low overpotential,
and high NH3 partial current densities during NO3;RR in neutral media.

The electrodeposition of metallic molybdenum, required to generate high surface area materials
via a DHBT approach, is however very challenging,!'®! and constitute the main hurdle for the
development of such materials. In this work, we circumvented that fact by utilizing high surface
area dendritic Ni structures generated upon electrodeposition at high current densities on a Ni

foam (Ninr) as a support for electrodeposited MoOx. Besides being one of the most commonly

used high surface area metal electrode materials, nickel appear here as a support of choice given
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the fact that it had been reported to enhance adhesion of electrodeposited Mo black materials.!!”!
We demonstrate here that the electrodeposition of ammonium molybdate on a dendritic Ni
material at high current densities yields a high surface area reduced Mo oxide catalyst,
MoOx/Ninr. MoOyx/Ninr exhibits unique catalytic performances for NO3;RR, with a high faradaic
efficiency of 99% at —0.5V vs. RHE and an NH3 production rate of 4.29 mmol h™! cm ™2 at
—1.0 V vs. RHE. This exceptional catalytic activity and selectivity in neutral media allowed us to
investigate long-term operation under industrially relevant conditions. MoOx/Ninr displayed a

remarkable stability when operated continuously for over 4 months at =650 mA cm >
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Figure 1. Schematic representation of the electrochemical synthesis of MoOx/Ning.

Results and Discussion

The fabrication of the high surface area MoOx/Ninr material is carried out in two steps, as is
schematically illustrated in Figure 1. The first step consists of generating a high surface area Ni
support via the electrodeposition of Ni from an aqueous NiCl, solution above the limiting current
density (i.e. at =1 A cm2) on a commercial nickel foam (NF) substrate (See Figure S1 for SEM
characterization of the bare NF). This process results in a porous, mossy Ni dendrite-like
structure with large cavities, as observed in the scanning electron microscopy (SEM) images
(Figure 2a-c). This high surface area material, now referred to as Ninr, was subsequently used as
a support for MoOx. A black, Mo-based deposit (Figure S2) was obtained upon reductive

electrodeposition of a dilute aqueous (NH4)sMo07024 solution in the presence of high acetate

4
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concentrations at a high current density.['® ®! The SEM images of MoOx/Ninr presented in
Figure 2d-f reveal that the overall structure of the Ning support is maintained after the
electrodeposition of MoOx. The side view of MoOx/Ninr further shows that the MoOx is
deposited as a layer that completely covers the dendrite-like Ni structures (Figure 2f). Cracks
can be identified at the surface of the MoOx layer, which may be due to the large residual tensile
stress during deposition at high current density.['®) Furthermore, elemental mapping via energy-
dispersive X-ray spectroscopy (EDX) shown in Figure 2g-j and Figure S3 confirm the presence
of Mo along with O on top of the Ni dendrites.

Ni

NF

a gy b

Figure 2. Secondary electron (SE) images of (a-¢) Ninr and (d-f) MoOx/Ninr with different resolutions. (g) SE image of the area
of MoOx/Ninr used for elemental mapping. (h-i) Elemental mapping of the area in (g) for Mo, O, and Ni.

To gain further insight into the structure and composition of the deposited layer, focused ion
beam (FIB) cross sections of the electrode were prepared (Figure 3a and Figure S4). The SEM
image of the FIB cross-section and the corresponding EDX maps shown in Figure 3b-e reveal

the presence of a Ni core and a MoOx shell of ca. 2 um thickness, as is suggested by the co-
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location of Mo and O. The cracks observed in the SEM images (Figure 2f) can be also observed
in the cross-section image (Figure 3a). Scanning transmission electron microscopy (STEM) was
then used to investigate the interface between the Ni core and MoOx shell and the individual
layers at higher resolution. The high-angle annular dark-field (HAADF) image of the MoOx/Ninr
interface is displayed in Figure 3f with golden circles highlighting the areas that were analyzed
with selected area electron diffraction (SAED). The MoOx layer displays only an amorphous
halo with the absence of clear diffraction rings (Figure 3g) suggesting its amorphous nature,
which is further supported by the absence of crystalline fringes in the high-resolution TEM
image of the MoOx layer (Figure SSa, b). The Ni core was identified by lattice fringes with an
interplanar spacing of 0.175 nm, which can be assigned to the (200) plane of metallic Ni (Figure

S5¢, d). The corresponding SAED pattern of the Ni core revealed several diffraction rings,
assigned to the (111), (200), (220), (311), (222), (331), and (420) planes of metallic Ni (Figure
3h).

Figure 3. (a) SEM image of the FIB cut cross section with the orange and green rectangle showing the area of the elemental
mapping (b-e) and HAADF imaging (f). (b-d) Mo, O, Ni EDX elemental mapping and (e) the overlay of those elements. (f)
HAADF image with the golden circles indicating the regions used for SAED in (g) and (h) of the MoOx and Ni layer,
respectively.

The X-ray diffraction (XRD) pattern of the as-prepared sample is shown in Figure S6 and
reveals the characteristic peaks corresponding to the (111), (200), (220), (311), and (222) planes
of cubic Ni at 44.51°, 51.85°, 76.37°, 92.94°, and 98.45°, respectively. No characteristic

diffraction peaks of Mo oxide compounds were observed, corroborating the amorphous nature of
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the layer as proposed by TEM analysis.

Despite the absence of crystalline Mo phases identified in the XRD pattern, however, the
presence of MoOx, as suggested by the EDX mapping, can be corroborated by the Raman
spectrum of the material (Figure S7), which shows faint bands centered at 283 cm!, 377 cm’!
and 474 cm™'. The broad nature of these bands, which are tentatively assigned to the wagging and

the asymmetric stretching/bending mode of O-Mo-O in MoO,,"’!

is a good further indication of
the amorphous nature of the molybdenum oxide layer

Lastly, X-ray photoelectron spectroscopy (XPS) depth profiling studies of MoOx/Ninr were used
to confirm the overall core-shell structure outlined above. The survey spectra collected as a
function of etching time (Figure S8a) show that the Mo and Ni contents increase gradually from
13.4 to 17.8% and from 4.0 to 8.3%, respectively, as the etching time increases (Table S2).
Simultaneously, it can be observed that the concentration of O gradually decreases (Figure S8b
and Table S2). While the signal intensities corresponding to both the Ni 2p and Mo 3d peaks are
present in all of the collected survey spectra, the Ni 2p peaks are weak in comparison to the Mo
3d and clearly become more pronounced as the surface is etched away, highlighting that the
surface of the material is predominantly coated by Mo-based species. The high-resolution Mo 3d
spectra recorded as a function of etching time reveal a significant development of the Mo surface
layer with depth (Figure 4a). Particularly notable is the appearance of a shoulder at ca. 229 eV
after only the first etching step (15 s), corresponding to the presence of metallic Mo, which
continues to increase upon additional etching (Figure S9). Fitting of the Mo 3d peaks (Figure 4b
and Table S3) before depth profiling reveals that the surface is predominantly constituted by
Mo*" (Mo 3ds» and 3ds» peaks at 230.7 and 233.8 eV) and Mo>" species (Mo 3ds; and 3ds»
peaks at 232.0 and 235.2 eV). After depth profiling, Mo*" is still identified as the dominant
species, co-existing with both Mo>" and metallic Mo® species (Mo 3ds» and 3ds» peaks at ca.
228.7 and 231.9 eV). Overall, the depth profiling indicates the existence of a mixed-valent
molybdenum oxide surface layer, which in turn suggests the presence of oxygen vacancies.['!]
This notion is corroborated by the O Is spectra (Figure 4¢), which can be fitted into three
separate peaks. The first peak at ca. 530.6 eV corresponds to lattice-bound oxygen (Or), while
the second peak at ca. 531.9 eV can be attributed to non-lattice oxygen, resulting from the
formation of oxygen vacancies in the metal oxide layer and here assigned to as Oy in the XPS

discussion, as has been reported previously.!'!! The final peak at ca. 533.4 eV is attributed to
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OH™ bonds. Depth profiling reveals that the contributions from each component do not change
significantly with etching time, with the Or and Oy always constituting roughly 65-70% and 25-
29% of the signal, respectively, and Oon- comprising only 4-7% (Figure S10, Figure S11,
Table S4), indicating that the oxygen vacancy content is rather homogeneous throughout the
mixed oxide layer. Ultimately, the above findings show that the as-prepared MoOx/Ninr
possesses a core-shell structure, wherein a Ni core is enveloped by an amorphous mixture of
metallic Mo® and Mo oxides in the shell. Considering the high competition from HER in acid
media and the instability of MoOx in alkaline media, the catalytic activity of MoOx/Ninr was
evaluated in neutral media (0.1 M Na>SOs4; pH = 6.8) containing 0.1 M NOs3™ in an H-cell setup
(Figure 5a-b). Linear sweep voltammetry (LSV) experiments in the absence and presence of
NO;~ (Figure 5a) indicate that a significant enhancement in catalytic current is observed in
neutral media in the presence of NO3™, suggesting the occurrence of NO3RR. Comparison of the
LSVs in Figure 5a shows that the onset potential for NO3RR in 0.1 M Na>SO4 occurs at ca.
—0.2 V (all reported potentials refer to the RHE scale) and that significant competition from the
HER does not begin until <—0.7 V. To relate this current enhancement to NO3RR catalytic
activity, a series of 0.5 h chronoamperometric holds (CA) were carried out over the potential

range of —0.6 V to —0.2 V.
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Figure 4. (a) XPS depth profiling study showing the development of Mo 3d orbital at 15 s etching intervals for up to 210 s. (b)
Fitting of the Mo 3d region before etching (Surface, t = 0 s, bottom plot) and after etching (Depth, t =210 s, top plot) with peaks
assigned to oxidized Mo and Mo'" and metallic Mo® species. (¢) Fitting of the O 1s region at t = 0 s of the surface spectrum with
peaks assigned to hydroxo (OH"), oxygen vacancies (Ov), and lattice oxygen (OL) species.
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The reaction products, including NHs, Ha, and NO>~, were quantified utilizing "H-NMR, gas
chromatography (GC), and ion chromatography (IC), respectively (please refer to the SI and
Figures S12-15 for further details). The CA holds over this potential region and
quantification of the generated NH3 show an increase of the NH; faradaic efficiency (FE)
from 63% to 80% as the potential is decreased from —0.2 to —0.5 V (Figure Sb). It can be
observed that the maximum FE for NH3 occurs after the FE for NO;™ has decreased and
before the FE for H> begins to increase at more cathodic potentials, signaling a potential-
dependent competition between these three reactions for the same active site. In contrast, the
NHj3 yield rate displays no peak and is shown to increase monotonically from 0.01 to
0.19 mmol h™' cm™? as the potential is decreased from —0.2 to —0.6 V (Figure 5b). However,
the constrains on the performance of MoOx/Ninr caused by the competing side reaction, in
particular in a non-buffered media, indicate the necessity for further optimization of the
reaction conditions. Notably, recent evidence suggests that adjusting the concentration of the
supporting electrolyte could positively impact the selectivity of the NO;RR.I®®I This effect is
clearly demonstrated in Figure S16a, where we observe a substantial increase of the current
densities achieved in the LSVs collected for MoOx/Ninr in 1 M Na;SOs with and without
0.1 M NO3™ as compared to 0.1 M NaxSO4 (cf. Figure 5a). Current densities of —86, —129,
and —143 mA cm 2 are reached at —0.4, —0.5 and —0.6 V in 1 M Na»SO4 containing 0.1 M
NOs~ as compared to just —20, —36, and —54 mA cm 2 in 0.1 M Na»SOs containing 0.1 M
NOs™. More importantly, the FE for NH3 is shown to increase significantly, getting close to
unity with an FE of 98% being observed at —0.5 V (Figure S16b). Accordingly, the yield rate
and partial current density for NH3 increases gradually from —0.2 to —0.6 V (Figure S16¢). A
large partial current density for ammonia, jxus, of ca. 157 mA cm 2 is achieved at —0.6 V,
corresponding to an high yield rate of 0.73 mmolh!cm™, as compared to just ca.
42mA cm? and 0.19 mmolh'cm™ in the case of 0.1 M NaSOs with NO;™. Similar
performances and FE were observed in the presence of '’N-labeled NOs~ (Figure S17),
confirming that the generated NHs originates solely from the added NO;™ and not from
adventitious nitrogen sources. In the above cases, it should be noted that the electrolyte
remained in a moderate pH range due to the large volume of electrolyte used despite raising
the Na;SO4 concentration from 0.1 M to 1 M.

To investigate the potential contribution of the Ni support in the catalytic performances, the

catalytic NO3;RR performances of the MoOx/Ninr electrodes were compared with that of the
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dendritic Ninr at a potential of —0.5 V. As shown in Figure S18, a high NH3 yield rate and FE
for NH3 (0.53 mmol h™' cm™ and 83%, respectively) were observed for NOsRR using Ninr.
While high, the Ninr support performances remains lower than those of MoOx/Ning (NH3
yield rate = 0.78 mmol h™! cm™, FEnus = 98%). We observed that the lower selectivity of
Ninr for ammonia production results from the competitive HER reaction, with H> being
observed as the main secondary product on Ninr. This selectivity difference is not
unexpected: the strong *H binding on Ni surfaces leads to favoring the HER over NO3;RR,
except at very low overpotentials where Ni can have *H underpotential deposition that would
not lead to HER.?®! To further assess this claim, we turned to electrochemical impedance
spectroscopy (EIS) and cyclic voltammetry studies. The Nyquist plots of MoOx/Ninr and Ninrg
are compared in Figure S19, where the resistance between the reference electrode and the
working electrode (Rs) is assigned to the high frequency intercept of the impedance data with
the Z' axis, and the charge transfer resistance (Rct) was approximated from the intercepts of
the circular fit of the impedance data with the Z' axis. First, the very small R values observed
for both materials (Rs = 0.19 Q and 0.56 Q for MoOx/Ninr and Ninr, respectively) highlights
the importance of the direct deposit of the MoOx catalyst on the high surface area conducting
support constituted by Ninr, thereby minimizing any ohmic losses. Second, the circular fit
estimates a smaller R for MoOx/Nink (1.85 Q) versus Ninr (3.73 Q), indicating a faster
electron transfer process under NO3RR conditions for MoOx/Ninr at —0.5 V, which agrees
well with the overall higher catalytic current densities observed for MoOx/Ninr compared to
Ninr. In addition, we investigated the electrochemical surface area (ECSA) of the materials
via the determination of their double-layer capacitances (Ca) by cyclic voltammetry (Figure
S20). It clearly demonstrates that the Cq of Ninr (4.43 mF cm?) is significantly higher than
that of the unmodified NF (0.35 mF cm?2), showing an approximately 12.7-fold increase and
suggesting that the electrodeposited Ni dendrite constructs a high surface area. Furthermore,
the Cai of MoOx/Ninr (5.08 mF cm2) was slightly higher than that of Ninr, which we attribute

to the cracks observed in the MoOx layer.
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Figure 5. Electrochemical performance of MoOx/Ninr in an H-cell containing 0.1 M Na>SOs (top). (a) LSV in the absence
(gray line) and presence of NO3~ (dark blue line). (b) Applied potential-dependent FE for different reaction products with the
corresponding NH3 yield rates at the potentials applied (purple scatters). Electrochemical performance of MoOx/NinF in a
flow cell with 1 M NaxSO4 (bottom). (¢) LSV in the absence (gray line) and presence of NO3~ (dark blue line). (d) FE at
different applied potentials for different reaction products (bar diagram) and the obtained NH3 yield at the corresponding
potentials (purple scatters).

To gain insight in reaction intermediates formed during the electrochemical nitrate reduction
process, in situ Raman spectroscopy studies were conducted. In Figure 6a, the Raman
spectrum of MoO/Ninr during NO3RR at different potentials is presented. Under open circuit
potential (OCP) conditions, peaks observed in the spectra are assigned to SO4*~ at 982 cm™!
and to free NO;™ ions at ~1048 cm'.12!1 Upon application of cathodic potentials, vibrational
peaks at 731 and 1382 cm ™! gradually appear and are attributed to the N—O bending mode and
va modes of surface bound NOs~, respectively.??! In contrast, the intensity of the same

vibrational peaks increase more slowly for Ning under the same conditions (Figure 6b),
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suggesting a stronger adsorption of NO3~ on MoOx/Ninr than on Ninr, presumably favored by
the oxygen vacancies in the MoOx surface. Moreover, a vibrational peak at 1218 cm™!
emerges from —0.2 V and increases at more cathodic potentials for MoOx/Ninr, which can be
attributed to adsorbed NOz (*NOx, nitrito orientation).l**] The presence of these intermediate
species suggests the conversion of NO3™ to *NO,. Conversely, Raman peaks for absorbed
*NO> on Ninr were not observed with decreasing potential from —0.2 to —0.6 V, corroborating
the lower catalytic activity observed for Ninr. Last, the intermediate *ONO*" chelating mode
(1298 cm™) is also observed on MoOx/Ninr from —0.2 to —0.6 V, suggesting that NOsRR
proceeds via an alternative formation mode of nitrite association to the electrode surface.?*4

The observation of these reaction intermediates is in good agreement with the proposed

reaction mechanism for the reduction of nitrate to ammonia via the intermediacy of nitrite.
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Figure 6. In situ Raman studies at different applied potentials for (a) MoOx/Ninr and (b) Ninr.

Besides product selectivity, the stability is the other key criteria to consider when evaluating
the industrial application potential of a catalyst. To assess the capability of MoOx/Ninr to
retain its functionality upon multiple cycles of an applied potential, a consecutive recycling
test using the same piece of catalyst was carried out. MoOx/Ninr retained very high
performances in terms of NHj selectivity and yield rate over 12 consecutive recycling cycles
at a constant potential of —0.5 V for 30 minutes each (Figure S21). However, we observed
that the pH of the electrolyte in the cathodic compartment of the H-cell setup drifted from 7 to
14 within just 30 minutes of electrolysis, potentially limiting the long-term stability of the
catalyst. In addition, the LSV in this condition reveals that at potentials below —0.6 V, the

system operates in a regime where the mass transport of NO3™ is limited by its concentration,
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hampering the jnuz and yield rate for NH3 (Figure S16a). To circumvent both pH drift and
NOs™ mass transport limitation issues, and evaluate the application potential of MoOx/Nink,
we investigated its catalytic performance in a flow cell to allow for the continuous delivery of
fresh electrolyte to the cathode compartment. The LSV curves of MoOx/Ninr operated in the
flow conditions indicate a significant enhancement in current density, reaching over 1 A cm >
at —1.1 V in the presence of 0.1 M NO3™ (Figure Sc¢). Under these conditions, high ammonia
FEs of over 90% are retained across a broad potential range from —0.2 to —0.7 V, while the
competitive HER is essentially suppressed (below 10%, Figure 5d). At —1.0V the
MoOy/Ninr catalyst demonstrates an NH; yield rate of up to 4.29 mmolh!cm™
corresponding to a jnu3 value of 918.88 mA cm 2 (Figure 5d, Figure S22), surpassing
previously reported NHs-selective electrocatalysts (see Table S1). We further investigated the
stability of MoOx/Ninr at an applied current density of =125 mA cm 2, corresponding to the
potential at which the catalyst exhibits its highest FE of 98.8% for NH; production (i.e.
—0.5 V), at which a stable working potential was observed for over 110 hours with negligible
changes in the FE and a constant NH3 production (Figure S23). Post-electrolysis
characterization of the catalyst material via analysis of an FIB cross-section of the electrode is
provided in Figure S24. Analysis of the cross-section by SEM and STEM reveals that
MoOx/Ninr maintained its structure after 110 h operation (Figures S25-S27). This is further
corroborated by XPS depth profiling of the post-electrolysis material (Figures S28). Here we
observe that the Mo 3d and O 1s spectra are almost identical to those recorded on the as-
prepared electrode (cf. Figure 4b-c), indicating that composition of the MoOx layer is
maintained during electrolysis, including the presence of oxygen vacancies and sub-surface
Mo(0).

This motivated us to assess the stability of the catalyst at much higher current densities in
order to demonstrate the stable and selective electroproduction of NHj3 at industrial-scale
reaction rates. We found that MoO/Ninr can maintain a stable reduction potential of about
—0.75 V and sustain an average FEnus of roughly 83% during continuous operation for over
3100 h (i.e. more than 4 months) at =650 mA cm > (Figure 7a). Such long-term stability
combined with high FE and yield rate position MoOx/Ninr among the best catalysts for
NO3RR in neutral media (Figure 7b and Table S1).
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Figure 7. (a) Long term stability test of MoOx/Ninr in 1 M Na2SO4 with 0.1 M NO;3™ at —0.8 V for >3100 h (dark blue line)
and the corresponding FE for NHs (green rectangles). (b) Comparison of the performance of selected previous reported
catalysts tested for >12 h (blue spheres) with this work (orange spheres). For better comparison the data points are also
illustrated on the Stability — FEnus plane. The corresponding values and references are given in Table S1.

Strikingly, after such long operation times, post electrolysis characterization of the materials
revealed that the structure and identity of the catalyst was essentially maintained. SEM
analysis of the electrode shows that the morphology and structure of the catalyst material is
very similar to the original material (Figure S29). Post-catalysis analysis of an FIB cross-
section of the material revealed that the MoOx/Ninr electrode retained its overall morphology
even after 3100 hours of use, preserving a Ni core and a MoOx shell (Figure S30). The only
noticeable modification in the material structure that could be observed in some areas results
from the appearance of some void areas between the MoOx shell and the core, suggesting the
MoOx shell could be peeling of the catalyst surface after very long operation times (Figure
S31). We identified a region of the electrode where the thick MoOx layer appeared to be
absent and could have resulted from such a peeling of the shell (Figure S32). However, in
both this area and in areas close to the partially peeled off MoOx core, a thin layer of MoOx is
still observed on the catalyst material, suggesting that the materials remained coated by a thin
layer of the Mo catalyst. We suspect that this aging of the catalyst material results from the
slow Mo dissolution during prolonged electrolysis, potentially exacerbated by localized pH
fluctuations. Mo dissolution has been a common issue identified in several Mo-based
electrocatalysts.[*®) However, the very long operating time investigated here, showing no
significant decay of the catalyst performances, and the preservation of the main fraction of the
MoOx shell suggest that the use of the flow cell allows limiting the drift of the electrolyte pH,

thus providing a safe and sustainable operating condition for NO3RR.
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Conclusion

In conclusion, we report here the facile preparation of a highly active MoOx/Ninr
electrocatalyst for NO3RR through a simple two-step electrodeposition strategy using
inexpensive inorganic salts and support. The strategies employed by the nitrate reductase
enzyme inspired the design of molybdenum oxides containing oxygen vacancies, which are
suspected to facilitate nitrate activation and subsequent reduction pathways, achieving FE
values close to unity at —0.5 V, jnuz above =918 mA cm 2 at —1.0 V, and long-term stability
(more than 4 months). The sustained performance over extended operational periods further
underscores the potential of this catalyst system for practical applications in catalytic nitrate

reduction.
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