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Inefficient fertilizer use in agriculture causes nitrate runoff, polluting rivers and streams. This pollution can
be mitigated by partially converting nitrate into ammonia - rebalancing the composition to ammonium
nitrate, and allowing recycling of fertilizer. Here, we present efficient electrochemical conversion of nitrate
(50 mM) to ammonia in acidic electrolyte using tubular porous Ti electrodes. A high faradaic efficiency (FE)
of 58% and partial current density to ammonia of -33 mA cm™ at -1 V vs. RHE were achieved in the
absence of inert gas purge. Additionally, we reveal that hydroxylamine is formed, as well as NO and N,O by
spontaneous decomposition of nitrite, as has been determined by EC-MS analysis. The effective increase in
local mass transport by introducing a flow of inert gas exiting the wall of the hollow fiber electrode results
in an unprecedently high partial current density to ammonia of ~-75 mA cm ™2, while maintaining a faradaic
efficiency to ammonia of up to 45%. This concept facilitates nitrate conversion at high FE even at low
concentrations, and holds promise for development to practical scale if electrochemical potential and
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Introduction

The efficiency of food production in the agricultural sector
depends on the efficient utilization of nitrogen based
fertilizers." The production of fertilizer includes the industrial
synthesis of NH; by the Haber-Bosch process, which largely
contributes to the global carbon footprint.” Alternative
approaches which allow for a more environmentally friendly,
green ammonia synthesis are explored,’ and electrochemical
routes appear to be of particular interest for small-scale,
renewable energy-based production facilities. Although N, is
the most attractive resource for electrochemical ammonia
production due to its abundancy,” the stability of the N,
molecule limits the electrochemical conversion rates currently
achieved, if any.” Waste streams containing NO,. have recently
been considered as alternative feedstock for green NH;
synthesis, such as nitric oxide®” and nitrate.*°

Focusing on nitrate, various sources are available and
among others utilization of agricultural runoff might be of
interest. Over-fertilization combined with low nitrogen
utilization efficiencies in agriculture'® result in fertilizer release
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exiting gas flow rate are well controlled.

to the groundwater, mostly in the form of nitrates. Ammonium
nitrate produced from collected (possibly concentrated) and
partially reduced nitrate can thus be considered as recycled
fertilizer.'* Alternatively, NO;~ obtained from direct oxidation of
nitrogen by an electrochemical®™® or plasma (catalytic)'®>*
approach might be available as resource for ammonia
production. It has been proven that plasma is potentially viable
for electricity-based HNO; production, which can be
consecutively converted to ammonia in one process.*>*® A
decentralized, small-scale ammonium nitrate production unit
for production of carbon-free, green fertilizer also appears
feasible. Still, electroreduction of nitrate is complex,27 and
suitable electrode materials and configurations for efficient
electrochemical production of ammonia need to be developed.
Moreover, research on the electroreduction of nitrate has been
primarily performed for purification of drinking water, targeting
selective reduction to nitrogen in neutral electrolyte
conditions,*® even though the kinetics of the reaction are more
favourable in either acidic or basic pH conditions.>’

In general, Cu has been identified as a suitable electrode
for nitrate reduction to ammonia,*® yet in acidic electrolyte
electrode stability is insufficient (e.g. by dissolution of Cu in
(diluted) nitric acid solution®!). Titanium, which is available
at low cost,®> has been reported as one of the elements
offering high stability in various process conditions, and
moreover allows operation in an extended electrochemical
window due to poor activity for hydrogen evolution. Efficient
removal of nitrate was reported in acidic conditions using a
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Ti cathode and a Pt anode,*® and preferential ammonia
formation rather than N, formation was reported.** Recently,
metallic Ti plates were extensively studied, and the best NH;
selectivity was observed at high nitrate concentration and in
strongly acidic pH conditions, which result in high
abundance of both, NO;~ and H" at the Ti surface.?* DFT
calculations suggest that a combination of Ti and graphitic
carbon nitride is potentially interesting for efficient
formation of ammonia.** Finally, TiO, nanotubes with a high
concentration of oxygen vacancies (TiO,-,) were reported to
produce NH; with 85% faradaic efficiency in neutral pH,*
further improved to 92% by additional functionalization with
Pd.*® still high faradaic efficiencies are only observed at low
to moderate current densities.

Low current densities are most likely caused by mass
transport limitations of the reactant, especially when nitrate
is present in low concentration.’”*® A low concentration of
nitrate close to the electrode surface results in preferential
hydrogen production, and clearly high mass transport rates
are required to improve process efficiency. Specific catalyst
design,®®  reactor  design,’® increasing the NO;”
concentration,® or inducing efficient convection in the cell
have been investigated to mitigate mass transfer limitations.

Herein, we report the use of Ti based hollow fiber
electrodes for electrochemical nitrate reduction in acidic
electrolyte, which were shown to enable efficient supply of
reactant in aqueous solutions to the electrode surface when
introducing inert, or reactant containing gas flow.**'™** we
compare a case of conventional mixing by gas
introduction through a separate sparger, with conditions of
efficient mixing near the solid-liquid interface by introducing
an inert gas flow through the porous wall of the electrode.
We will demonstrate that low concentrations of nitrate (50
mM KNO3) can be converted to ammonia at high partial
current densities, and that the concept of gas flow induced
mixing significantly improves nitrate conversion. We also
reveal the formation of hydroxylamine, and provide
unprecedented detail in the solution chemistry by explaining
advanced EC-MS measurements.

will

Experimental
Electrode preparation and characterization

Ti hollow fibers were prepared by dry-wet spinning according
to a previously reported method.** In brief, Ti powder was
mixed with polyethersulfone (PES) and N-methylpyrrolidone
(NMP) to form a homogeneous suspension. The spinning
mixture was pressed through a spinneret with water as a bore
liquid. Fibers were thermally treated at 800 °C in order to
remove the polymer and to form the metallic hollow fiber.
Details on the suppliers of the various chemicals can be
found in the ESLf

Hollow fiber electrode assemblies were prepared using silver
epoxy glue to ensure electrical contact to a Swagelok stainless
steel tube (Fig. S1t). The assembly was covered with two-
compartment adhesive glue to prevent contact of silver or the
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stainless steel tube with the electrolyte. To ensure
homogeneous distribution of gas through the fibers, the open-
end of the fiber was also covered with adhesive. Electrodes were
characterized using scanning electron microscopy (SEM) (JSM-
6010LA, JEOL system) and X-ray diffraction (XRD, Bruker
Phaser D2). For EC-MS experiments a Ti disc (@ 5 mm) was
polished, following the routine of cleaning provided by Pine
Research for rotating disc electrodes.

Electrochemical measurements

All electrochemical measurements were carried out at room
temperature using a BioLogic VSP potentiostat. A gas tight,
H-type cell (a Nafion 117 membrane was used for
compartment separation) was used for linear scan
voltammetry and chronoamperometry experiments. A Pt
mesh and Ag/AgCl (3 M NaCl, BASi) were used as counter and
reference electrode, respectively. Measured potentials were
corrected for the solution resistance (iR drop) and converted
to potentials vs. RHE using:

Eree = Eagiagal + 0.059pH + Ezgiagcr”’

Nitrate concentrations between 1 and 50 mM KNO; were
tested. To minimize differences in solution resistance the
total amount of ions was adjusted by using potassium
perchlorate. The cell was purged with Ar for 30 min prior to
the experiments, to remove dissolved oxygen. Electrochemical
measurements were performed using gas flow rates as
specified, using either flow-through (Ar flow through the
hollow fiber electrode) or no-flow (Ar was introduced through
an external sparging line next to hollow fiber electrode)
conditions. A schematic representation of the gas supply is
shown in Fig. S2.f Linear scan voltammetry measurements
were performed with a scan rate of 50 mV s~ and stable LSVs
are shown. Generally, chronoamperometry experiments were
performed for 30 min in acidic electrolyte (80% iR drop
corrected - see Table S27).

Stability measurements were performed for 4 h. The
electrolyte was refreshed after 3 h if no-flow was used, and
every 1 h for experiments performed in flow-through mode
using an Ar flow of 20 ml min~". The electrochemical surface
area (ECSA) of the hollow fiber electrodes was measured
before and after the stability test by the capacitance method.
Cyclic voltammograms in the purely capacitive potential were
measured at variable scan rates from 20 to 100 mV s ' in Ar
saturated 0.1 M KClO,. Product detection and quantification
(for calibration curves, see Fig. S3-S5) is described in detail
in the ESL}

To further analyse the product composition EC-MS
measurements were performed using a Spectrolnlets
(Copenhagen, Denmark) system, with He as carrier gas at a
flow rate of 1 ml min~'. Chronoamperometry was performed
at different potentials. Potentials were applied for 30 s.
Afterwards the system was allowed to rest at OCV conditions
in between potential pulses. A Ag/AgCl (sat. KCl, CH

This journal is © The Royal Society of Chemistry 2022
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Instrument) and a Pt mesh were used as reference and
electrode respectively. Counter and working
compartments were separated by a borosilicate filter, which
in combination with the long distance between the electrodes
prevents product diffusion from one to the other electrode.
The schematic representation of the cell design is shown in
Fig. S2.7 Decomposition experiments using the EC-MS set-up
were performed without the electrode assembled. Here, the
chip, integrated with the EC-MS inlet, was covered with the
electrolyte and a solution of interest was dropped into the
electrolyte to determine the decomposition products.

counter

Results and discussion
Ti electrode characterization

Compared to widely employed flat electrodes, hollow fiber
electrodes allow for gas supply through the porous structure
of the wall into the electrolyte. The gas distribution is largely
dependent on the porosity of the wall. SEM images (Fig. 1) of
a representative Ti hollow fiber reveal the uniform pore
distribution over the entire length of the fiber, which should
lead to a homogeneous gas distribution (see also Fig. S67).
The XRD pattern shows that the hollow fiber is composed
solely of metallic Ti.**

NO; electroreduction on a Ti electrode

Voltammetry. We will first focus on the voltammetry data,
and in a consecutive paragraph discuss the FE of products
based on chronoamperometry. The voltammetry of the Ti
hollow fibers was performed in 0.1 M HCIO, (pH 1) and 0.1
M KClO, (pH 7) using KNO; as nitrate source in different
concentrations. For experiments performed in neutral
electrolyte (Fig. S71) a relatively high onset potential for
reduction of nitrate of ~-0.6 V vs. RHE is observed.
Increasing concentrations of KNO;, as well as mixing,
induced by gas flow through the Ti hollow fiber electrode,

Normalized intensity [-]

30 40 50 60 70 80
2Theta

Fig. 1 SEM images of a Ti hollow fiber electrode. (a) The cross section
at different magnifications and (b) the surface of the fiber. (c) XRD
pattern obtained from the Ti hollow fiber electrode.
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have only a minor effect on the current density, suggesting
an overall low activity for NO;™ electroreduction. This is likely
due to the limited affectivity of Ti for water dissociation®>*®
in neutral pH, which is required for reduction of nitrate.

Linear scan voltammetry performed in acidic conditions
in 0.1 M HCIO, at different nitrate concentrations is shown
in Fig. 2a.

In contrast to the onset potential in neutral conditions,
the onset potential for NO; electroreduction is already
observed at —0.05 V vs. RHE, and significantly higher current
densities can be achieved (to compare see Fig. S87),
indicating faster kinetics of NO;  reduction in acidic
conditions.>® With increasing KNO,; concentration, two
plateau-like regions are observed before the hydrogen
evolution occurs at potentials <—0.8 V;z vs. RHE (Fig. 2a). The
first plateau region starting at ~—0.1 V;z vs. RHE has
previously been assigned to the formation of NO,,® formed in
a 1 e transfer reaction from NO;™ (see Table S17). Afterwards
in the potential range between -0.3 V;z and ~-0.8 Viz vs.
RHE, a second mass-transport limited region is observed,
which becomes more obvious at increasing nitrate
concentrations. Besides nitrate, we also suggest that proton
transport becomes limiting at relatively high nitrate
concentrations, considering that the reduction of NO; to
ammonia requires 9 H' (see Table S1f). In fact it was
previously reported that H' transport limitations in NO;~
electroreduction on a flat Ti electrode in acidic electrolyte
can occur already at ~—25 mA cm ">, in nitrate concentrations
of 0.1 M.*® Presumably hydrogen evolution (HER) starts to
compete at potentials <—0.8 V vs. RHE, as indicated by the
current increase also observed in the absence of NO; .
Finally, linear sweep voltammetry also reveals the diffusion
limitation of proton reduction at potentials below approx. -1
V;z vs. RHE.

Flow-through experiments using Ar as an inert sparging
gas were subsequently performed at various flow rates and a
constant concentration of nitrate (50 mM) (Fig. 2b). At
moderate flow rates of 5 mL min™, a significant increase in
diffusion limited current is obtained in the potential range
between -0.3 V;z and ~-0.8 V;z vs. RHE as shown in Fig. 2b,
while increasing the flow to 20 mL min™" further enhances
the current density, to unprecedented values for Ti hollow
fibres, as high as 200 mA cm™. Likely, higher flow rates
induce additional (smaller) pores between the sintered Ti
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Fig. 2 Linear scan voltammetry using Ti hollow fiber electrodes. (a) The
influence of nitrate concentration (KNO3z) in “no-flow” conditions and (b)
the influence of Ar flow rate on current density at 50 mM KNOs.
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particles to open,® inducing more efficient, homogeneous
mixing at the solid-liquid interface. It should be mentioned
that the extent of enhancement of current density by gas
flow, is a function of the nitrate concentration. Specifically at
lower NO;~ concentrations, gas flow affects the system to a
lower extent (see Fig. S9t). In blank experiments and at the
lowest nitrate concentrations (1 mM KNO;) only the HER
seems to be affected by introduction of a gas flow, as a result
of the mitigation of proton transport limitations and likely
improved hydrogen bubble release. Thus, the observed
impact of gas flow through the porous wall of the hollow
fiber confirms that transport of both, NO;~ and H' to the
electrode surface is significantly improved by local mixing
(see Fig. S107 for a schematic representation).

Selectivity towards ammonia. The selectivity of the Ti
hollow fiber electrodes towards ammonia was further studied
using electrolytes containing 50 mM of KNO;. The reported
faradaic efficiency was determined using chronoamperometric
measurements with a duration of 30 min.

Generally, a stable current density was obtained
throughout the measurement, independent of the applied
potential (see Fig. 3a and S11f). An increase in current
density was observed by increasing the Ar flow rate, which is
in agreement with the LSV study. Only for measurements
performed at a high flow rate, a slight decrease in current
density with time was noticed, which can be assigned to the
depletion of nitrate in the electrolyte. Reactant depletion is
confirmed by NO;™ conversion calculations reported in Fig.
S12.f Moreover, to support the hypothesis that flow-through
conditions facilitate effective mixing, chronoamperometry at
-0.6 V vs. RHE was performed using vigorous magnetic
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Fig. 3 Performance of Ti hollow fiber electrodes for the
electrochemical reduction of NOs~ to NH3 in 0.1 M HCLO4 using 50
mM  KNOs;. (a) Obtained current density profiles during
chronoamperometry at -1 V vs. RHE at different Ar flow rates. (b-d)
Potential- and Ar flow rate-dependent (b) faradaic efficiency, (c)
production rate, and (d) partial current density to ammonia. Note that
only ammonia in the catholyte was quantified here (see also Fig. S15
and S16t1 for measurements including ammonia quantified in the
anolyte). Dotted lines are meant for guidance only.
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stirring. The similarity in current density with “no-flow” and
stirred conditions, and the significantly higher current
densities obtained in purged conditions, are evidence for the
highly effective mixing at the electrode-electrolyte interface
by gas flow exiting the pores of the hollow fibre structure
(Fig. S131).

Quantification of the ammonia concentrations in the
catholyte compartment revealed that the current efficiency to
NH; is generally increasing with more negative potential (for
quantification of ammonia in the anolyte, which agrees with
the trend in concentration obtained for the catholyte
compartment, see ESIf). Yet, we like to emphasize two
observations revealed in Fig. 3b. First, a decrease in faradaic
efficiency is observed after maximizing in the potential range
of ~-0.6 to =0.7 V vs. RHE (Fig. 3b), in particular in flow-
through conditions. Second, in the absence of flow, the
highest FE of ~65% was reached (at —0.7 V vs. RHE), while in
flow-through conditions a lower FE of ~50% was obtained (at
-0.6 V vs. RHE), decreasing by approx. 20% in the range of
-0.6 to ~—0.75 V, to again increase at potentials <-0.8 V vs.
RHE. The drop in FE is also associated with the shoulder in
the current potential profile observed during LSV
measurements in no flow-conditions (see Fig. 2b dotted line).
We will provide an explanation for these observations in the
following paragraph, providing information on trends in
other products. Now we like to state that even though the FE
in flow-through conditions is lower than in the absence of
flow, the NH; production rate, as well as partial current
density to ammonia, are significantly larger, especially at
more negative potentials, reaching production rates of 330
pumol h™ em™ and partial current densities of ~70 mA cm™
respectively (Fig. 3c and d). To the best of our knowledge,
these obtained faradaic efficiencies, as well as partial current
densities to ammonia (based on geometrical surface area) are
the highest reported for Ti electrodes used for the
electroreduction of nitrate to ammonia. Moreover, in our
study low nitrate concentrations (50 mM) are used, which
generally result in even lower conversion efficiency.>’

Potential-dependent product distribution. To further
discuss the change in selectivity with applied potential and
flow rate, a detailed analysis and quantification of liquid-
phase products was performed (please also see Fig. S1471). In

No-flow [INO; Flow [ INO,;
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X 80 [ NH, X 80 [ NH,
= =
2 2
g 60 o 60+
© (]
L 40 L 40
© ©
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Fig. 4 Total faradaic efficiency of liquid products in no-flow and flow

(20 ml min™) configuration after chronoamperometry in 0.1 M HCIO,

with 50 mM KNOs. See Fig. S171 for measurements at 5 and 10 ml

min~%, which fit a trend in production composition from no-flow to a

flow of 20 ml min™%,
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the absence of flow (Fig. 4, left) the total FE to liquid
products is rather independent on potential, and amounts to
~60-75%. Interestingly, in the potential range between —0.3
and -0.6 V vs. RHE, the FE of hydroxylamine decreases,
compensated by an increase in NH;.

In flow conditions, the total FE of liquid phase products is
dependent on potential (Fig. 4, right, compare to Fig. 3b). In
the potential range between -0.3 and -0.6 V vs. RHE the
ammonia FE increases, and the hydroxylamine FE is rather
constant. The strongest attenuation of the FE is observed at
-0.7 V and -0.8 V, and a significant reduction in FE for both
hydroxylamine and NH; is obtained. At —0.9 V and -1.0 V, the
FE towards NH; increases again, as accompanied by a slight
increase in FE for hydroxylamine.

Moreover, in contrast to the outlined trend in the FE towards
ammonia, in flow-through conditions we observe that the
faradaic efficiencies for nitrite (NO, ) and hydroxylamine (NH,-
OH) are generally higher. We propose that the changes in
selectivity in flow-through conditions are caused by local pH
changes. As a general rule, although it might be catalyst
dependent, selectivity to NO,™ (ref. 33, 48 and 49) and NH,0OH
(ref. 50 and 51) in nitrate electroreduction is more favourable at
higher pH, while ammonia formation is more favourable in an
acidic environment. Thus, at the higher current density in flow-
through conditions, the pH will locally increase, thereby
influencing the reaction selectivity.””**” Another possible
explanation of selectivity change can be found in the adsorption
strength of intermediates of the reduction of nitrate on the
catalyst surface. External factors such as intensive mixing
induced by gas flow can weaken the strength of these
intermediates, such as nitrite or hydroxylamine, and these are
therefore formed without consecutive reduction to ammonia. It
also seems that a locally acidic pH cannot be sustained by flow
induced proton transport, as a consequence of the enhancement
in current density by the favourable transport of nitrate. This is
likely related to the previously mentioned reaction stoichiometry
(9 moles of protons and 1 mole of nitrate are needed for
production of 1 mole of NH; and 3 moles of H,O).

Considering that closing the electron balance is not
feasible when only liquid phase products are considered, an
attempt was made to detect gaseous products using online
electrochemical ~ mass-spectrometry ~ (EC-MS).>>  Here,
considering the specifications of the EC-MS, a Ti disc
electrode instead of an electrode in hollow fiber geometry
was used. Mass spectra of the selected signals recorded
during chronoamperometry at different potentials are shown
in Fig. 5. After recording the background signal, potential
pulses were applied (starting from —0.3 V vs. RHE) for 30 s,
which is sufficient to observe formation of products with low
vapour pressure without favouring their
accumulation in the small volume electrochemical -cell.
Ammonia and hydroxylamine were not detected in EC-MS
experiments due to their non-volatile nature at low pH.

Nitric oxide (m/z: 30) is observed almost throughout the
entire potential-range, peaking at —0.6 V vs. RHE, similar to the
potential at which the FE towards ammonia shows a minimum
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Fig. 5 In situ EC-MS on Ti disc (a) during chronoamperometry in 0.1
M HCIO,4 with 50 mM KNOs at different potentials. (b and c) Product
distribution obtained for decomposition reactions using solutions
containing NO,™ and NH,OH. Note that the increase of signals at m/z:
28, 33, and 44 is due to the addition of a non-deaerated solution as
evidenced by the addition of 0.1 M HClO,4 (b) where NO signal does
not increase.

in the flow-through experiments shown in Fig. 3b. Please note
that the mass signal for NO is significantly larger than the signal
of any other volatile nitrogen products. NO is not observed at
the highest applied potentials (>-0.9 V), at which hydrogen
evolution is dominant, in line with the reported LSV
measurements performed with Ti hollow fiber electrodes
(Fig. 2), and the generally expected high overpotential for H,
evolution on Ti. Similarly, m/z: 28 and m/z: 44 (both assigned to
N,0) were observed with the highest peak intensity at 0.7 V vs.
RHE. Considering that during bulk electrolysis nitrogen is not
detected (in preliminary experiments), and the signal intensity
ratio between m/z: 44 and 28 matches the ratio expected for N,O
(according to the NIST database), the appearance of the signal at
m/z: 28 originates from fragmentation of N,O in the mass
spectrometer. Thus N,, frequently reported in the literature as a
product of nitrate reduction, is not observed here.**>
Surprisingly, a potential dependent increase in the signal at m/z:
46 was also detected, which can be assigned to traces of NO,.

The detected gas phase products are in agreement with
the formation of nitrite from nitrate, followed by consecutive
chemistry of nitrite. Nitrite has a rich homogeneous
chemistry in the electrolyte, which can be summarized by
reactions (1)-(5).*”** Reactions (1)-(3) show that NO,” (HNO,
in acid) decomposes, thereby releasing NO and NO, via
disproportionation reactions (2) and (3). Since an increase in
FE to NO, was observed using the hollow fiber electrode as a
function of increasing flow rate, it is expected that
disproportion is increased in flow-through conditions,
partially explaining the ‘missing electrons’ in the balance
reported above.
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H' + NO,” — HNO, 1)
2HNOj(aq) — NO(aq) + NOy(aq) + H2O (2)
3HNO,(,q) — HNO; + 2NO + H,0 (3)
2NO, + H,O — HNO, + H" + NO;~ 4)
NH;OH" + NO,  — N,O + 2H,0 (5)

In fact, the spontaneous formation of NO was confirmed by
MS measurement (Fig. 5b). Addition of a NO,™ solution (pH
7) to 0.1 M HCIO, is the absence of the Ti electrode, resulted
in an immediate increase in the signal of the mass fragment
associated with formation of NO (m/z: 30). NO, was not
detected due to the relatively small concentration of NO,"
added to the electrolyte and the fast dissociation of NO, in
water (reaction (4)).

In addition to the disproportion reaction of nitrite, the
reaction between nitrite and hydroxylamine (which was also
detected in electrolysis experiments) will result in N,O
formation in acid environment (reaction (5)).>>° In Fig. 5c
MS signals do not change when NH,OH solution is added,
but after the addition of NO, both, the NO and N,O signals
rise, the former again in agreement with reaction (2), and the
latter confirming the occurrence of reaction (5). Note that the
increase in the m/z: 28 is not observed, due to the high
background signal arising from air, exposed to the solution
by the open cell configuration used in these experiments.

Although the electrochemical formation of any gaseous
products cannot be excluded (see Table S17), it is evident by
the performed analysis that homogeneous reactions of
electrochemically formed nitrite likely explain the ‘missing
electrons’ in the electron balance. Most importantly, the
formation of gaseous products might explain the significant
drop in faradaic efficiency observed at ~-0.7 V and -0.8 V vs.
RHE in flow-through conditions (Fig. 4). We again note that
this drop is in agreement with the (peak) formation rates of
NO and N,O as observed by EC-MS analysis (Fig. 5).
Therefore, not only formation, but also decomposition of
NO, (and NH,OH) is expected to be enhanced in this
potential window by introducing flow. We suggest that flow-
through configurations not only promote transport of
protons and nitrate towards the electrode, but also of nitrite
and NH,OH away from the electrode. Rather than consecutive
electrochemistry towards ammonia, homogeneous chemistry in
solution is promoted. As such the decrease in hydroxylamine
FE at -0.7 and -0.8 V vs. RHE (see Fig. 4) is observed because
of its reaction with nitrite forming N,O.

At more negative potentials (0.9 and -1 V vs. RHE)
formation of NO, is less dominant, and thus the observed
faradaic efficiency to NH,OH increases, additionally causing an
overall increase in total faradaic efficiency to liquid products.

Finally, it appears to be important to address the increase
in faradaic efficiency to ammonia for potentials more
negative than -0.6 V vs. RHE. A similar behaviour was
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observed on Ti plate electrodes beyond -0.75 V vs. RHE at
high nitrate concentrations (0.4 M NO; ), but was not
discussed in detail.>® We suggest that interaction of nitrate
with electrochemically formed H, might be responsible for
the increase in FE observed in the H, evolution regime. It is
known that reduction of nitrate in aqueous solutions can
occur in the presence of hydrogen over a variety of
catalysts®”>® and leads to the formation of ammonia.>”

Electrode stability. In order to evaluate the durability of
the electrode, stability tests were performed at —0.6 V (Fig.
S18t1) and -1 V vs. RHE (Fig. 6) in flow-by and flow-through
configuration.

Independent on the applied potential, a decrease in current
density over time is observed in flow-through conditions due to
depletion of nitrate (see also Fig. 3 and S127). Therefore, the
electrolyte was refreshed periodically. Despite small variations
in current density after introduction of fresh nitrate, the
faradaic efficiency to ammonia was stable over the period
tested, reaching ~58% and 45% at no-flow and flow-through
conditions (20 ml min™* Ar) respectively (on average during 4
h). Moreover, a linear increase in myy; was observed for all
conditions tested (Fig. 6b) and the electrochemically active
surface area (ECSA) remained the same before and after the
stability test (Fig. S19t). Also SEM and XRD characterization do
not reveal any significant deterioration of the electrode
structure and composition (see Fig. S20 and S21f). Most
importantly, a remarkable partial current density to ammonia
of ~-75 mA cm™> was maintained over 4 h of electrolysis used
with 50 mM KNOg; in acidic electrolyte and polarized at -1 V vs.

(a)
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§ -60-
< -120] g
= / 5
= -180- i } . 60%
- o
e ° 3 ‘-40%
58 % |90 2
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Fig. 6 (a) Stability test in 0.1 M HCIO,4 with 50 mM KNOz at -1 V vs.
RHE with 0 ml min? (green) and 20 ml min™ (blue) flow rate showing
overall current density as well as faradaic efficiency and partial current
density to NHs. (b) NHz mass increase in stability test in different
conditions.
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RHE (Table S41). We assign the improvement in comparison to
previous studies to efficient mass transport of NO; to the
electrode surface. However, we note that the geometrical
surface area was used to calculate current density, which is
standard practice nowadays. For comparison, partial current
densities to ammonia based on the actual electrochemically
active surface area are shown in Fig. S22.F Still the faradaic
efficiency reported here (58% at -1 V vs. RHE in no flow
conditions) exceeds values reported earlier obtained for similar
electrolyte compositions and reactor configurations where FEs
to ammonia of <20% are reported (Table S4f). Given this
significant increase, we speculate that electrode preparation is
of importance. Here, Ti hollow fibers were used that undergo a
thermal treatment likely having a positive influence on catalytic
activity. Moreover, phase pure Ti is used in this study while
contaminations likely in form of TiC and/or TiN can be
observed in other reports.>* We emphasize that phase purity of
Ti electrodes will be of interest for further investigation.
Finally, we like to highlight that in this work nitrate waste
streams of low nitrate concentration were targeted, yet higher
nitrate concentrations will potentially further increase
selectivity towards ammonia.

Conclusions

Using Ti hollow fiber electrodes for electroreduction of nitrate
in 50 mM KNO; at -1 V vs. RHE, a faradaic efficiency of 58%
towards ammonia is achieved in acidic conditions, with a
performance stability of over 4 h. Other products formed are
hydroxylamine, NO and N,O, the latter formed by
homogeneous disproportionation chemistry of nitrite.
Optimizing mass transport by introduction of an exiting flow of
inert gas, enhances the partial current density to ~-75 mA
cm? with a FE of ~45%. We have revealed the overall,
potential and gas flow dependent trends in product formation
can be explained by 1) local pH changes affecting proton-
coupled electron reactions to ammonia, nitrite and
hydroxylamine, 2) homogenous reactions of nitrite and
hydroxylamine to NO and N,O, promoted by gas flow induced
favourable liquid mixing, and finally 3) catalytic hydrogenation
of nitrate resulting in an overall increase in liquid product
formation at the most negative potentials investigated.

The reported current densities for electrochemical
formation of ammonia are among the highest ever reported
for (Ti) hollow fibre electrodes, which approach the values
needed for practical implementation.
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