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Pathways of ammonia electrooxidation on nickel
hydroxide anodes and an alternative route towards
recycled fertilizers†
Jury J. Medvedev, a,b Yulia Tobolovskaya,a Xenia V. Medvedeva,
Stephen W. Tatarchuk,a Feng Lia and Anna Klinkova *a

a

The anaerobic digestion (AD) of N-enriched waste streams combined with nutrient recovery from AD
eﬄuents represents a cost-eﬀective waste treatment technology for simultaneous production of biogas
and recycled fertilizers. Herein, we demonstrate an eﬃcient route towards S- or P-containing NH4NO3based fertilizers via Ni(OH)2-catalyzed electrochemical oxidation of ammonia (AOR) to NH4NO3 in 0.1 M
K2SO4 and 0.1 M K2HPO4 electrolytes. In this study, we examine how operating parameters, including the
electrolyte, pH, applied potential, ammonia concentration, and temperature aﬀect the AOR product distribution at Ni(OH)2 anodes. We show that under optimized conditions concentrated ammonia solutions can be
eﬃciently converted into NH4NO3 with up to 72% faradaic eﬃciencies and up to 98% ammonia removal.
Based on our extensive experimental data, we propose detailed mechanisms for the formation of major proReceived 6th November 2021,
Accepted 21st January 2022

ducts (dinitrogen, nitrite, and nitrate) and for the ﬁrst time experimentally demonstrate that ammonia-tonitrite oxidation proceeds spontaneously on NiOOH, while the nitrite-to-nitrate step is purely electrochemical.

DOI: 10.1039/d1gc04140a

The results of this work are expected to enable integration of AOR into AD of N-containing waste, thereby
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enabling a promising nutrient recovery strategy for building a circular economy.

Introduction
Nitrogen-based fertilizers are crucial compounds for global
food security.1 Over the past 50 years, the use of nitrogen fertilizers increased almost eightfold.2 However, the continuous
growth of nitrogen fertilizers consumption is accompanied by
growing emissions of ammonia – a major environmental contaminant that contributes to climate change, eutrophication,
as well as to the acidification of water and soil which harms
biodiversity.3,4 In the atmosphere ammonia can react with
other pollutants, such as nitrogen and sulfur oxides leading to
the formation of particles, which create smog and have been
linked to respiratory problems.5–7 Moreover, ammonia contributes to necrosis and enhanced frost sensitivity in a variety of
diﬀerent plant species.8 Thus, treatment of ammonia-enriched
waste originating from agricultural runoﬀ, excess manure,
domestic wastewater, food waste, and municipal or industrial
sludges is essential to prevent its negative eﬀects on the
environment.
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Anaerobic digestion (AD) represents a cost-eﬀective technology for large-scale treatment of waste streams (up to several
thousand m3) with the formation of biogas – primarily the
mixture of methane (CH4) and carbon dioxide (CO2).9,10
Recently, much attention has been paid to the simultaneous
recovery of nutrients (N and P) in AD plants, which is essential
from both environmental and economic perspectives.9,11 Due
to the significantly higher concentration of N compared to P in
the organic waste,12,13 the majority of recent studies were predominantly focused on N recovery technologies.14–16
The strategy for the utilization of nitrogen-containing waste
within AD plants is depicted in Fig. 1. It consists of three main
steps: anaerobic digestion, membrane separation, and the
treatment of ammonia. In the first step, organic carbon and
nitrogen are broken down by microorganisms to biogas and
NH4+. In the following step, NH4+ is concentrated in a membrane contractor for further treatment, where ammonia can be
either completely removed from the liquid phase or transformed into recycled fertilizers (Fig. 1, pathways 1 and 2).
The most commonly applied approach to treat N-waste in
wastewater treatment plants is the conversion of NH4+ to nontoxic nitrogen gas (N2).17 Several conventional ammonia
removal techniques can be used for this purpose, including
biological treatment, wet oxidation, and breakpoint chlorination.18 Breakpoint chlorination is an excellent method for
ammonia removal due to its low capital costs, high eﬃciency,
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Fig. 1 The schematic diagram of the nitrogen-enriched waste utilization strategies within anaerobic digestion plants that consist of three main
steps: anaerobic digestion, membrane separation and the treatment of ammonia. Ammonia treatment pathway (ATP) 1 represents the strategy for
ammonia removal by breakpoint chlorination. Pathway ATP 2 represent chemical ﬁxation of ammonia by sulfuric acid with the formation of
(NH4)2SO4 fertilizer. Pathway ATP 3 represent an alternative electrochemical ammonia utilization strategy, which converts waste-ammonia into
NH4NO3-based mixed fertilizers.

and the ability to beneficially sanitize the water at the same
time (Fig. 1, pathway 1).19–21 Despite the eﬀectiveness of this
approach, the transformation of ammonia into N2 leads to a
loss of N resources. Another established approach that is used
in conjunction with anaerobic digestion is the conversion of
ammonia into an ammonium salt form. In this case, NH3 is
recovered from concentrated NH4+ solution in ammonia stripper followed by its reaction with sulfuric acid to produce
(NH4)2SO4 that could be used as a fertilizer (Fig. 1, pathway 2).
In principle, ammonia recovered in a stripper can be used
directly as a fertilizer.22 The latter approach has been popular
for soil fertilization in the past couple of decades due to the
highest nitrogen content in this compound.22 However, pure

Table 1

ammonia is hazardous and must be stored and handled under
high pressure.23,24 Consequently, due to the strict regulations
of ammonia use, less toxic solid ammonium salt fertilizers
have displaced pure ammonia in agricultural practices.25
Table 1 shows a roughly estimated gross profit from the
(NH4)2SO4 production assessed using available market prices26
of the chemical compounds involved in the process (Table 1,
line 1; see ESI† for details). It is clearly seen that a noticeable
profit can be achieved following this pathway, and simultaneous (NH4)2SO4 production has been already implemented
in some operational AD facilities.16 Furthermore, the heat produced in this reaction may be used as an additional energy
source for the whole system maintenance.16 The primary draw-

Assessment of several waste-ammonia-to-fertilizer recovery strategiesa

Strategy

Reaction

αin
($)

Produced fertilizer

N:P:K:S

αout
($)

δ
($)

Acid–base reaction
Acid–base reaction
Electrolysis in 0.1 M K2SO4
Electrolysis in 0.1 M
K2HPO4

2NH3 (0.3 M) + H2SO4 (0.15 M) → (NH4)2SO4 (0.15 M)
NH3 (0.3 M) + HNO3 (0.3 M) → NH4NO3 (0.3 M)
2NH3 (0.3 M) + 3H2O → NH4NO3 (0.15 M) + 4H2
2NH3 (0.3 M) + 3H2O → NH4NO3 (0.15 M) + 4H2

0.4
1.7
3.6
6.7

(NH4)2SO4
NH4NO3
NH4NO3 + K2SO4 (3 : 2)
NH4NO3 + K2HPO4 (3 : 2)

21–0–0–(24)
35–0–0–(0)
14–0–32–(11)
14–24–32–(0)

1.7
2.1
4.6
7.7

1.3
0.3
1.0
1.0

αin: cost of acids/electrolytes to treat 1 kg of NH3 (based on ECHEMI data27); cost of NH3-containing wastewater is omitted due to being equal in
all strategies. αout: price of fertilizer derived from 1 kg of NH3 (based on ECHEMI data27). δ = αout − αin: simplified gross profit from the fertilizer
produced by treating 1 kg of NH3 following diﬀerent strategies; capital costs and profits from co-production of hydrogen are not considered (see
the discussion in the text). a N–P–K–(S) ratio was calculated using NPK rating system, where N represents the weight percentage of nitrogen in the
product, P is the weight percentage of P2O5, and K is the weight percentage of K2O; similarly, S was calculated as a weight percentage of sulfur in
the product, although sulfur is not typically included into the fertilizer labels in North America and England. We note that the N–P–K–S convention used in Australia includes sulfur, although in this case the numbers correspond to the weight fractions of all elements (including P and K)
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back of this approach is that the obtained fertilizer has a high
sulfur content which is restricted in many municipalities due
to its harmful environmental eﬀects including acid rain and
soil acidification which harms sensitive ecosystems.27,28 Thus,
it is critical to lower the sulfur content of the produced fertilizer. In principle, NH4NO3 can also be synthesized by this
method as well if sulfuric acid is replaced by nitric acid.
However, the gross profit of this synthesis is more than 4
times lower than that to produce (NH4)2SO4 (Table 1, line 2),
due to a substantially higher cost of HNO3 compared to H2SO4
(ESI, Table S1†).
Alternatively, NH4NO3 can be synthesised directly from
ammonia via its partial electrooxidation, which does not
require the addition of nitric acid in contrast to the method
discussed above (Fig. 1, ATP 3). This approach has not been
integrated with AD plants due to its low technology readiness,
which originates from a lack of systematic studies and
mechanistic understanding of the electrochemical oxidation of
ammonia (AOR) to nitrate. This knowledge gap represents a
promising opportunity for the growing electrosynthesis sector,
as the oxidation of ammonia to nitrate at the anode can be
coupled with a value-added process at the cathode, such as
green hydrogen production (or hydrogen evolution reaction,
HER) or electrochemical CO2 reduction (CO2R) to fuels or valuable carboxylic acids.29–32
AOR has gained significant attention over the last decade as
an anodic reaction for alkaline membrane-based fuel cells
(AMFCs), where ammonia breaks down to N2.33–35 AMFCs are
considered to be a promising competitor to traditional hydrogen fuel cells due to the high energy density of ammonia and
the low standard oxidation potential of AOR to N2.29,35 For the
same reasons, AOR to N2 is a promising anodic reaction for
HER and CO2R electrolyzers.29,32,35 Therefore, many studies
have focused on improving the eﬃciency of AOR to N2, while
AOR to other N-containing products is underexplored.
However, it has been demonstrated that AOR on Ni-based catalysts can yield nitrite and nitrate in addition to N2
(Fig. 2a).36–44 The performance of reported Ni-based catalysts
in AOR is summarized in Fig. 2b. Due to the inconsistency in
the catalyst composition, reaction conditions, and the types of
electrochemical cells used in these studies, it remains unclear
how operating parameters aﬀect AOR eﬃciency and selectivity,
and what the key to the eﬃcient production of nitrate is using
AOR.
Here we systematically study the AOR pathways on Ni(OH)2
anodes to understand the mechanisms and clarify the major
factors aﬀecting the product distribution, including the nature
of the electrolyte and its pH, applied potential, temperature,
and ammonia concentration. Through establishing clear
guidelines on how to steer the AOR product selectivity, we
demonstrate an application of AOR to eﬃciently generate
NH4NO3 fertilizer from recycled ammonia and vary the N–P–K
(–S) value in the resulting fertilizer through changing the electrolyte composition. Our analysis showed that this overlooked
approach is competitive with currently used methods (Table 1,
lines 3 and 4): the electrosynthesis of NH4NO3 from ammonia
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Fig. 2 (a) Brief summary of the major electrochemical AOR pathways
and products. (b) Major products and corresponding current densities
during AOR at various reported Ni-based AOR catalysts (Table S3†).39–47
The results of this work are shown with stars and correspond to
diﬀerent reaction conditions, as discussed in the text below.

was estimated to have a comparable gross profit to that from
the non-electrochemical synthesis of (NH4)2SO4 and a ∼3
times higher gross profit than that for the non-electrochemically synthesised NH4NO3.

Results and discussion
Preparation of the anode
The nanostructured Ni(OH)2 xerogel catalyst used in this study
was prepared using an optimized epoxide sol–gel synthesis
method previously reported by our group.45 This approach has
been chosen due to its scalability, high availability of precursors, and the ability to produce materials with a high degree of
structural and compositional homogeneity.46,47 In-depth structural and chemical characterization of Ni(OH)2 xerogels has
recently been discussed in a previous publication from our
group.45 A catalyst ink made of Ni(OH)2 xerogel catalyst,
carbon black and Nafion was deposited on the 3D scaﬀold Ni

This journal is © The Royal Society of Chemistry 2022

View Article Online

Published on 26 January 2022. Downloaded by University of Waterloo on 2/21/2022 3:49:46 PM.

Green Chemistry
foam (NF), which was chosen due to its high surface area, high
conductivity and good mechanical strength. The comparison
of double-layer capacitance of NF and flat Ni surface ( polished
Ni plate) revealed that the foam had than 6.3-times higher
surface area (Fig. S2†). High catalyst loading (∼10 mg per 1 ×
1 cm−2 piece of NF with 0.15 cm thickness) ensured full coverage of the Ni support, minimizing its direct involvement in the
electrochemical reaction (Fig. S3†). The electron transfer properties of prepared Ni(OH)2/NF catalyst were studied via
electrochemical impedance spectroscopy (Fig. S4 and
Table S4†).
The eﬀects of the operating parameters on the outcome of
AOR
In general, ammonia can be converted into other N-containing
products via either direct or indirect electrooxidation. The
latter approach involves the oxidation of ammonia in the solution by the electrogenerated strong oxidants, such as HClO
and •OH.48,49 Usually, this process proceeds in acidic media,
where ammonia is present in the non-electrochemically active
NH4+ form. To understand the progression of the direct AOR
without the contribution of this indirect pathway, we performed all reactions in this work at pH ≥ 9, where the NH4+/
NH3 equilibrium favors NH3, which can be adsorbed at the
electrocatalyst surface. To exclude the possibility of reducing
AOR products at the cathode, a divided electrochemical cell

Paper
with two compartments separated by an anion-exchange membrane (AEM) was used for all experiments.
To elucidate the eﬀect of electrolyte nature on the electrochemical behavior of NH3 at Ni(OH)2/NF anode, we performed
electrochemical studies of AOR in two diﬀerent electrolytes: 0.1
M Na2SO4 and 0.1 M NaOH, both containing 0.2 M ammonia
(Fig. 3). Both these solutions had pH > 11 and, therefore, the
NH4+/NH3 equilibrium favored NH3 in both cases (Fig. S5†).
Na2SO4 was chosen as an inert electrolyte, while NaOH was
chosen as an alkaline electrolyte with a high concentration of
OH− to probe whether these species can promote NH3 deprotonation steps. A high concentration of NH3 (0.2 M) was used in
both cases to avoid the NH3 concentration changes aﬀecting the
reaction outcome in short-term electrolysis.
To select meaningful potentials for the potentiostatic electrolysis, we investigated the electrochemical behavior of NH3 at
Ni(OH)2/NF anode by performing linear sweep voltammetry
(LSV) in 0.1 M Na2SO4 and 0.1 M NaOH solutions, containing
0.2 M NH3 (Fig. 3a and e). The relative activity of AOR and
oxygen-evolution reaction (OER) in these electrolytes, are
shown by comparing the results to NH3-free solutions with the
same pH (adjusted by adding an appropriate amount of 1 M
NaOH). In the alkaline medium in the absence of ammonia,
Ni2+/3+ wave was observed at 1.4–1.65 V followed by OER wave
at more positive potentials. The onset potential for AOR was
the same as for Ni2+/3+ transition (∼1.4 V vs. RHE; Fig. 3e). In

Fig. 3 Eﬀect of operating parameters on the electrochemical oxidation of 0.2 M NH3 in 0.1 M Na2SO4 electrolyte (a–c, d and h) and 0.1 M NaOH
electrolytes (e–g). (a and e) LSV recorded at 1 mV s−1 scan rate at Ni(OH)2 anode for electrolyte solutions containing 0.2 M NH3. (b and f )
Chronoamperometry plots for the electrolysis of 0.2 M NH3 at diﬀerent potentials. Faradaic eﬃciencies of the major products as a function of
applied potential (c and g), pH (d) and NH3 concentation (h).

This journal is © The Royal Society of Chemistry 2022

Green Chem., 2022, 24, 1578–1589 | 1581

View Article Online

Published on 26 January 2022. Downloaded by University of Waterloo on 2/21/2022 3:49:46 PM.

Paper
contrast, a completely diﬀerent behavior of AOR and OER
curves was observed in 0.1 M Na2SO4 (Fig. 3a). The LSV curve
for the NH3-free solution had two peaks at 1.4–1.6 V and
1.6–1.8 V, which are typically attributed to Ni(OH)2 oxidation
to γ- and β-NiOOH.42 The OER wave appeared at E > 1.8 V,
although the current density was smaller than that for AOR. In
addition to higher current density, AOR onset potential was
significantly lower (∼1.5 V) than that for OER. These results
indicated that in 0.1 M Na2SO4 AOR can be performed with
little to no OER over a wide range of potentials, in contrast to
the alkaline medium. We believe this is due to ammonia
having a higher aﬃnity to the electrode surface compared to
OH− species, and thus mainly AOR is expected until most NH3
is depleted.
To evaluate the influence of the applied potential on the
AOR product distribution, we performed a series of the potentiostatic electrolyses of ammonia in both electrolytes at the
potentials ranging from 1.6 V to 2.2 V (Fig. 3b, c, f and g). All
reactions were conducted with the initial concentration of NH3
of 0.2 M and Ni(OH)2/NF as an anode. The gas products (N2
and O2) were analyzed using in-line gas chromatography (GC)
every 20 min, while non-volatile AOR products (NO2−, NO3−)
were analyzed by ion chromatography (IC). We also demonstrated that the analysis of nitrates and nitrites can be in principle performed by operando UV-Vis (Fig. S6†). However, in this
work IC was employed for the determination of faradaic
eﬃciencies (FEs) for diﬀerent products as a more quantitatively accurate method, suitable for the analysis of trace
amounts of nitrite and nitrate.
In agreement with the LSV data, no O2 formation was
observed in the reaction headspace during AOR in 0.1 M
Na2SO4 for all studied potentials. The major products were N2,
nitrate and nitrite (Fig. 3c). The highest FEs of N2 were
observed at low potentials (51% at 1.6 V), and the values
decreased slightly with increasing potential (to 34% at 2.2 V).
With increasing potential, higher oxidation state products
started to dominate with the highest FE of nitrite (28%)
observed at 1.6 V (nitrite-to-nitrate ratio of ∼1.5 : 1). With
further increase of the applied potential, the ratio decreased
dramatically and the most oxidized product nitrate became
dominant at E > 1.8 V with FE of up to 60% at 2.2 V. This
general trend was in agreement with the reported density functional theory (DFT) results for ammonia electrooxidation on
nickel hydroxide surfaces that showed the lowest energy
requirements for dinitrogen formation and higher calculated
onset potentials for nitrite and nitrate, with that for nitrate
being slightly higher than for nitrite.50 Interestingly, at potentials ranging from 1.8 V to 2.0 V total FE of formed products
deviates from 100% (Fig. 3c). These ∼10% FE losses could be
attributed to the formation of diﬀerent side products of nitrite
oxidation, such as NIV-containing species, including NO2 and
N2O4.51,52 While we did not observe these products in the reaction headspace by GC, they may exist in aqueous phase where
they are not very stable. Further studies (including in situ
Raman spectroscopy) are required to confirm this hypothesis,
which is beyond the scope of this work.
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To compare the AOR activity of Ni(OH)2/NF anode to the
activity of NF substrate, we performed potentiostatic electrolysis in 0.1 M Na2SO4, containing 0.2 M NH3, at an arbitrary
potential of 1.9 V. The average FE of nitrate was ∼30%, and
only small amounts of nitrite and N2 were detected (1% and
5%, respectively). At the same time, the oxygen evolution was
the dominant process on this electrode with FE ranging from
40% to 60%. This observation suggests that surface defects
abundant in xerogel materials may play a significant role in
the AOR reaction selectivity.
Next, the quantitative product analysis was performed on
Ni(OH)2/NF in 0.1 M NaOH. In contrast to the electrolysis in
0.1 M Na2SO4, the formation of O2 was observed at all studied
potentials for AOR in 0.1 M NaOH electrolyte (Fig. 3g), where
AOR and OER LSV curves overlapped (Fig. 3e). The lowest FE of
O2 (∼9%) was obtained in the electrolysis at 1.6 V. The FE of
O2 noticeably increased at E > 1.7 V and remained almost constant with further potential increase (30 ± 3%). These results
demonstrated that it is challenging to perform AOR in alkaline
media without the OER competition. As for AOR products, N2,
nitrite and nitrate were the major products similar to the electrolysis in 0.1 M Na2SO4. The FE of N2 ranged from 33 to 18%
with the highest FE corresponding to the lowest potential.
Unlike electrolysis in sulfate, electrolysis in 0.1 M NaOH
yielded nitrite as the major product with FE of up to 60% (at
1.6 V vs. RHE), while the FE of nitrate was significantly lower
at all potentials studied. Even at 2.2 V vs. RHE a noticeable FE
of nitrite (16%) was observed, whereas only nitrate was formed
at this potential in 0.1 M Na2SO4.
The above results show that AOR selectivity and the competition between AOR and OER are highly dependent on the electrolyte composition. Since these electrolytes diﬀer not only in
the nature of their interactions with the electrode surface, but
also in pH (13 for NaOH, and ∼11.3 for 0.2 M ammonia in 0.1
M Na2SO4), we further investigated the eﬀect of pH on AOR
product selectivity in more detail to disambiguate these factors
(Fig. 3d). To this end, electrolyses over a wider range of pH
values were performed in electrolytes containing 0.2 M NH3/
NH4+. Electrolytes with pH 9–12 were prepared using NH3-containing Na2SO4 solution, adjusting pH with the addition of sulfuric acid or sodium hydroxide. For the reactions at pH 13 and
14, 0.1 M NaOH and 1 M NaOH were used as electrolytes,
respectively. For all reactions, an arbitrarily applied potential
of 1.9 V vs. RHE was used. This series of experiments indicates
that the solution pH is responsible for the AOR selectivity:
nitrate was the dominant product at pH < 12, while nitrite was
the major product at pH > 12. We found that the FE of nitrate
formation increased with decreasing pH, while the FE of
nitrite decreased. In addition, the contribution of OER was
observed at pH > 12 with the FE of O2 increasing with pH.
Finally, to elucidate the influence of the initial NH3 concentration on the nitrate/nitrite selectivity, we performed a series
of electrolyses with diﬀerent initial concentrations of NH3
(0.03–0.2 M) at arbitrary pH and applied potential (11.3 and
1.9 V, respectively). Fig. 3h shows a near-linear relationship
between FE of nitrate/nitrite and the initial concentration of

This journal is © The Royal Society of Chemistry 2022

View Article Online

Published on 26 January 2022. Downloaded by University of Waterloo on 2/21/2022 3:49:46 PM.

Green Chemistry
ammonia. The FE of nitrate decreased slightly, and FE of
nitrite increased almost proportionally with increasing
ammonia concentration.
Based on the obtained results, we found that 0.1 M Na2SO4
is the best choice as the electrolyte for ammonia electrolysis to
yield nitrate, while highly alkaline media is required for the
eﬃcient conversion of ammonia into nitrite. Since AOR to
nitrate is the reaction of interest for the synthesis of ammoniabased fertilizers, sulfate was further used for the preparative
ammonia electrolysis.
Preparative electrolysis
To evaluate the synthetic potential of the AOR-to-nitrate
approach, we performed scaled-up electrolysis until reaching
the full conversion of ammonia (Fig. 4). Preparative AOR was
performed in a divided cell with 150 ml compartments
equipped with a peristaltic pump circulating the electrolyte at
a constant electrolyte flow rate of 50 ml min−1.
First, we performed an electrolysis of 0.2 M NH3 using a
1.5 cm2 Ni(OH)2/NF anode, and 0.1 M K2SO4 as an electrolyte
in both the cathodic and anodic compartments. The current
diminished after 0.5 mol of electrons was transferred per mol
of NH3 indicating a significant drop of AOR activity, despite
4 mol of electrons per mol of NH3 is theoretically required for
the full conversion of NH3 into NH4NO3 (Fig. 4a and b). We

Paper
hypothesized that this dramatic change in AOR activity could
be attributed to the acidification of the anolyte. Indeed, the
measured pH of the anolyte after the electrolysis was 8.7, indicating that the remaining ammonia was predominantly protonated (Fig. S5†) and, therefore, not electrochemically active. In
addition to the pH change, an increase of SO42− concentration
in the anolyte was observed, which was proportional to the
charge passed since SO42− anions were dominant charge carriers in the catholyte that were able to cross AEM in a course of
electrolysis (Fig. S7†).
To address the issue of gradual anolyte acidification during
the reaction progression and maximize the conversion of
ammonia in the preparative electrolysis, we replaced 0.1 M
K2SO4 with 1 M KOH in the cathodic compartment, while still
using 0.1 M K2SO4 in the anodic compartment. The purpose of
this replacement was to compensate the excess protons
formed in the anodic compartment in the course of ammonia
oxidation with OH− passing through the AEM from the cathodic compartment, thereby maintaining the pH of the anolyte
in the course of electrolysis. The potentiostatic electrolysis in
the resultant system proceeded with no changes in AOR
current density even after transferring 1.2 mol of electrons per
mol of NH3 and the anolyte pH remained almost constant in a
course of 20 h of electrolysis. The current began to decline
only after 1.6 mol of electrons per mol of NH3, which was

Fig. 4 Preparative synthesis of NH4NO3 by the electrolysis of NH3 in 0.1 M Na2SO4. (a) A cell view and ion transport in the electrolyzer used for the
preparative electrolysis of NH3. (b) The eﬀect of catholyte on the stability of AOR. Electrolysis of 0.2 M ammonia in 0.1 M K2SO4 anolyte with 0.1 M
K2SO4 (blue trace) and 1 M KOH (red trace) used as catholytes. Reactions were performed at 1.9 V (blue trace) and 2.1 V (red trace). (c) Preparative
electrolysis of 0.3 M ammonia in 0.1 M K2SO4 performed at 1.9 V and the anolyte composition before (d) and after the electrolysis (e).
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associated with a significant decrease in the ammonia concentration and not with anolyte acidification. Thus, using a combination of an alkaline catholyte and 0.1 M K2SO4 anolyte was
found to be optimal for the preparative electrolysis of
ammonia.
Next, we conducted electrolysis of 0.3 M NH3 in 0.1 M
K2SO4 anolyte while using an alkaline catholyte and monitored
the concentration of formed nitrate by IC (Fig. 4c). For this
experiment, a 5 cm2 Ni(OH)2/NF anode was used to increase
the rate of ammonia conversion. The current was stable in the
first 12.5 h of the electrolysis, which corresponded to 1.6 mol
of electrons per mol of NH3. During this period, the total FE of
nitrate rose from 50% to 66%, which can be associated with
the ammonia depletion combined with a higher FE of nitrate
at lower ammonia concentrations (Fig. 3d). An exponential
decay in current was observed after 12.5 h, which then substantially dropped and plateaued after 3.7 mol of electrons per
mol of NH3 was transferred (52 h). The total FE of nitrate at
the end of electrolysis was 72%, and the concentration of
NH4NO3 was ∼0.1 M (Fig. 4e). The remaining current went into
the formation of N2, which was evident by the constant formation of bubbles at the anode surface in a course of electrolysis.
In addition, IC analysis revealed that 97% of ammonia was
removed from the solution after electrolysis (Fig. 4e). Thus, we
demonstrated that 0.3 M NH3 can be oxidized in the 0.1 M K2SO4
electrolyte at Ni(OH)2/NF anode to form nitrogen gas and 0.1 M
NH4NO3 solution. The resulting solution corresponded to a fertilizer with the N–P–K–(S) ratio of 11–0–37–(13).
The catalyst stability during long-term electrolysis was estimated by comparing LSV curves for 0.2 M NH3 in 0.1 M
Na2SO4 before and after the electrolysis. We noticed ∼15%
decrease in catalyst activity after 52 h of operation, indicating
some catalyst degradation or passivation in a course of electrolysis. To further investigate the catalyst stability, we also performed a long-term electrolysis at a more positive potential
(27 h at 2.1 V vs. RHE). Under these conditions, despite the
good FE of nitrate (72.5%), a significant degradation of the
catalyst was visually observed. Moreover, the colour of the reaction mixture became blue, indicating the presence of [Ni
(NH3)6]2+ species in the solution. To confirm this hypothesis,
we compared absorption spectra the reaction mixtures after
the preparative electrolyses at 1.9 V and 2.1 V to the reference
solution of [Ni(NH3)6]Cl2 (Fig. S8†). In the case of electrolysis
at 2.1 V, a peak at ∼650 nm was observed, similar to the peak
of [Ni(NH3)6]Cl2. No peak in this area was observed for the
reaction mixture after the electrolysis at 1.9 V, indicating that
at this voltage the anode remains stable, while at higher voltages it slowly dissolves.
To minimize the sulfur content in electrochemically synthesized fertilizer and introduce another important element –
phosphorus, we replaced K2SO4 by P-containing electrolyte,
specifically, 0.1 M K2HPO4. K2HPO4 was chosen as an electrolyte since its mixture with 0.3 M ammonia has pH ∼ 11 and
nitrate will be the major product, while in the case of K3PO4
and 0.3 mixture has pH > 12 and nitrite would be the main
AOR product. The preparative electrolysis of ammonia in 0.1 M
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K2HPO4 solution was conducted using a 5 cm2 Ni(OH)2/NF
anode (Fig. S9†). The currents were ∼1.5 times smaller than
that observed for K2SO4, which can be associated with the
diﬀerence in the conductivities of the two electrolytes.53 The
electrolysis was stopped after 72 h, where the total mol of electrons transferred was 3.3 per mol of NH3. The FE of nitrate was
slightly smaller than that observed in the electrolysis in 0.1 M
K2SO4 and rose from 48% in the beginning of the electrolysis
to 66% at the end, and 98% removal of ammonia was confirmed by IC (Fig. S9†). IC analysis of the resulting solution
showed that it consisted of 0.85 M NH4NO3 and 0.1 M
K2HPO4, which corresponded to a fertilizer N–P–K–(S) ratio of
10–42–39–(0).
AOR mechanism insights
Earlier reports proposed several mechanisms of ammonia oxidation at Ni(OH)2 anodes.35,36,38,42,54 The adsorption of
ammonia to the catalyst surface is typically considered to be
the first step of the reaction. Some studies suggest that
adsorbed ammonia further undergoes deprotonation steps to
form Nads, which can be either coupled to form N2 or oxidized
to form NOx species.35,38 Other studies propose that the formation of N2 may occur via dimerization of intermediate *NH
or *NH2 species followed by the deprotonation of corresponding dimers N2Hx.42,54 Alternatively, NH3 can be oxidized
to NH2OH species, a subsequent oxidation of which leads to
NOx species.55 Although these earlier studies proposed several
possible pathways for the formation of diﬀerent AOR products,
it remained unclear which intermediate is responsible for the
formation of each particular product. Recently reported firstprinciples simulations of AOR mechanisms to N2, NO2−, and
NO3− on β-Ni(OH)2 showed that the formation of N2 proceeds
via NH–NH coupling (Gerischer–Mauerer mechanism56), while
the formation of NOx− products occurs via the deprotonation
of NH3 to Nads followed by the subsequent hydroxylation
steps.50 Nevertheless, the role of the electrocatalyst in the AOR
process has not been completely understood due to the lack of
mechanistic studies of AOR on Ni-based catalysts. Considering
that AOR takes place in the potential range where Ni(OH)2 can
undergo NiII → NiIII oxidation to form NiOOH,35 the latter
likely plays a key role in AOR. By analogy with electrooxidation
of organic compounds at NiOOH,57 we anticipated that two
possible pathways might exist for AOR at NiOOH: a direct electron transfer mechanism36 and the indirect oxidation of
ammonia by NiOOH.43,58 Previously, it has been proposed that
an indirect electron transfer mechanism may be responsible
for ammonia electrooxidation at high ammonia concentrations
due to the observed reaction rate dependence on the ammonia
concentration.43,58 However, to the best of our knowledge, no
direct experimental evidence of the indirect AOR pathway has
been reported to date.
On the other hand, a lot of attention has been paid recently
to nucleophile electrooxidation (e.g., oxidation of ethanol or
urea) at nickel-based catalysts.59,60 In contrast to OER, these
electrochemical reactions represent two-step, one-electron processes: electrochemical catalyst dehydrogenation and a non-
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electrochemical spontaneous nucleophile dehydrogenation,
i.e., a chemical reaction between NiOOH and the H-containing
nucleophile.59 Interestingly, it has been established that even
OER can proceed spontaneously on the NiOOH surface, but
only at elevated temperatures (at temperatures below 70 °C
spontaneous OER proceeds slowly).60 Since the possibility of
this spontaneous non-electrochemical pathway has not been
experimentally studied for AOR on NiOOH, we designed an
experiment to elucidate whether the electrogenerated NiOOH
surface can spontaneously oxidize ammonia to better understand the AOR mechanism at Ni(OH)2 catalyst.
To this end, we first passed a constant current of 50 mA
cm−2 through Ni(OH)2/NF anode in an undivided cell containing 1 M KOH for 20 minutes to charge the electrode, i.e., to
oxidize Ni(OH)2 to NiOOH. The charged electrode was then
removed from the electrochemical cell and immersed in the
0.1 M Na2SO4 or 0.1 M NaOH solution containing 0.2 M NH3
for 10 minutes (Fig. 5a and b). The reactions were performed
at diﬀerent temperatures, and the products were analyzed by
IC (Fig. 5c and d). For both solutions, only the formation of
nitrite was observed at all temperatures and the formation rate
was found to be temperature-dependant. To understand
whether nitrite can be spontaneously oxidized to nitrate at
NiOOH surface, the same experiment was performed in 0.1 M
Na2SO4 containing ∼2 mM nitrite. However, we did not
observe the formation of nitrate from nitrite even after 30 min
at 70 °C. Thus, one can expect nitrite that formed via the spon-
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taneous oxidation of ammonia by NiOOH immediately undergoes the electrooxidation to nitrate, which is only achievable
when the voltage is applied. To validate this hypothesis, we
first performed LSV for nitrite oxidation in 0.1 M Na2SO4 and
compared the data to that for the electrochemical AOR and
OER at diﬀerent pH (Fig. 5e and Fig. S10†). Based on the LSV
data at pH < 12, both AOR and nitrite oxidation proceeded at
significantly lower potentials than OER, with nitrite having a
slightly lower onset potential than AOR. Then we conducted
electrolysis of 0.1 M Na2SO4 containing 10 mM NaNO2 at Ni
(OH)2 anode at 1.9 V and pH of 11.3 (Fig. S11†), and quantitative conversion of nitrite to nitrate was indeed observed (FE of
nitrate ∼100%). These experimental results taken together
suggest that AOR to nitrate proceeds via the following steps: (1)
electrochemical oxidation and deprotonation of Ni(OH)2 to
NiOOH, (2) non-electrochemical NH3 oxidation to nitrite by
NiOOH, and (3) electrochemical oxidation of nitrite to nitrate.
Since the nitrate formation rate was found to be temperature-dependent, we performed a series of electrolyses of 0.2 M
ammonia at two arbitrary potentials (1.55 V and 1.9 V) and at
four diﬀerent temperatures. In both cases, the current density
of AOR increased linearly with the increase of the temperature
that is probably associated with the faster turnover of catalytic
sites. Nitrite was the main product when the reaction was performed at the very onset potential (1.55 V vs. RHE) and the temperature was between 25–45 °C (Fig. 5g). However, at 55 °C nitrate
became the dominant product, indicating that the electro-

Fig. 5 (a–d) Non-electrochemical oxidation of NH3 to NO2− by electrogenerated NiOOH catalyst: charging and discharging steps along with the
product analysis. (e) LSV recorded at 10 mV s−1 scan rate at Ni(OH)2 anode for 0.1 M Na2SO4 solutions containing 0.2 M NH3 and 0.1 M NaNO2 compared to the solution without any additives (for all solutions pH was adjusted to 11.3 by adding an appropriate amount of NaOH). (f ) The illustration
of the electrochemical and chemical steps involved in NH3 oxidation at Ni(OH)2/NF catalyst. (g and h) AOR current densities and the product destribution at 1.55 V and 1.9 V vs. RHE as a function of temperature.
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chemical nitrite-to-nitrate step is also temperature-dependent.
When the reaction was performed at 1.9 V vs. RHE, an increase
of nitrate FE from 45 to 77% was observed with the increase of
the temperature from 25 to 55 °C (Fig. 5h). Thus, we found that
the rate of AOR-to-nitrate can be controlled not only by applied
potential, but also by the temperature.
To summarize the results of the performed experiments, we
propose a general mechanism for electrochemical oxidation of
ammonia that considers possible pathways to N2, and NOx−
products and is consistent with our experimental data (Fig. 6).
The electrochemical oxidation of ammonia starts with the
electrochemical oxidation of Ni(OH)2 surface to NiOOH
(Fig. 6a).35 Next, the NH3 molecule approaches the catalyst
surface from the less sterically hindered Ni–O–Ni side and
coordinates to Ni atom, simultaneously breaking one Ni–O
bond (Fig. 6b). The H2N–H⋯O hydrogen bond formed in the
intermediate structure facilitates the first ammonia oxidative
deprotonation step, similar to what was observed for catalytic
ammonia oxidation on metal oxide surfaces.61,62 Thus formed
*NH2 species obtained in this spontaneous process replace
*OH and form a bridge structure as was shown in the recent
DFT work.50 Subsequently, *NH2 undergoes two spontaneous
deprotonation steps with a loss of one electron at each step to
form *NH and then *N species.50 The intermediate *NH
species can couple to form *N2H2, which can be further deprotonated to form N2.50 Even though this pathway was shown to
be more favourable on β-Ni(OH)2 surface, the formation of N2
through the dimerization of *N may still occur on β-NiOOH.
Alternatively, adsorbed *N can undergo hydroxylation to form
NO2− through the sequence of the following oxidative steps:
*N → *NOH → *NO → *NO2H, followed by the deprotonation
and desorption of NO2− (Fig. 6b). This ammonia oxidation to
nitrite can be performed on the NiOOH surface without

Green Chemistry
applied potential, due to the high oxidative activity of Ni(III).63
We note that the origin of OH− can be either the electrolyte or
the NiOOH lattice itself: previously, NiOOH-catalyzed electrooxidation mechanism involving lattice oxygen was shown to
boost anodic reactions, such as OER and urea oxidation
reaction.64,65 Theoretically, both mechanisms can take place in
a course of ammonia electrolysis and detailed DFT studies or
experimental studies involving isotope-labeled compounds are
required to support either of these mechanisms. Finally, NO2−
species undergo two-electron electrooxidation to NO3− by the
following pathway: *NO2H → *NO2 → *NO3H, followed by the
deprotonation and desorption of NO3− (Fig. 6c).54 The question remains why ammonia-to-nitrite pathway can proceed
spontaneously on NiOOH, while the oxidation to nitrate can
only happen electrochemically. It may be associated with a
high energy barrier for the configurational changes in *NO2
adsorbate required for the hydroxylation step: in *NO2 nitrogen atom is directly coordinated to the Ni center and oxygen
atoms positioned outwardly on the surface, while this nitrogen
has to form a new bond with the OH species during the final
oxidative step to form *NO3H with oxygen-oriented adsorption
to the Ni center.50 Under the applied voltage, the OH− species
from the solution orient towards the anode in the double electric layer, which may facilitate this step. Another possible
explanation is associated with the deprotonation of the surface
*OH groups, which happens readily at the employed potentials. Since the presence of deprotonated surface oxygens
around the *NO2 adsorbates is highly plausible when the
voltage is applied, the formation of hydrogen bonds between
these surface oxygens and *NO3H may stabilize the *NO3H
intermediate thereby facilitating the *NO2 → *NO3H step.
Further mechanistic elucidation of these phenomena will be a
subject of future studies.

Fig. 6 Propossed mechanism of AOR at Ni-based catalysts: electrochemical dehydrogenation of Ni(OH)2 catalyst with the formation of the active
NiOOH surface (a) followed by ammonia adsorption and oxidation to N2 (b) and nitrite and nitrate (c).
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Conclusions
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In conclusion, we demonstrated how the product distribution
in Ni(OH)2-catalyzed electrochemical oxidation of ammonia
depends on a wide variety of operating parameters, including
the electrolyte nature and its pH, applied potential, concentration of ammonia, and reaction temperature. We found
that ammonia electrolysis in neutral electrolytes (e.g.,
Na2SO4) proceeds without competing OER and yields N2 and
nitrate as major products at E > 1.7 V vs. RHE, nitrite is
formed in noticeable amounts only at the very onset of the
oxidation wave. We found that the ammonia-to-nitrogen
pathway is dominant at low applied potential, while the
ammonia-to-nitrate pathway contribution increases with
increasing potential. The rate of AOR in neutral electrolytes
and FE of nitrate increase with increasing temperature,
which is associated with the faster turnover of the catalytic
sites at elevated temperatures. Also, the FE of nitrate
increases with decreasing concentration of ammonia. In
contrast to the electrolysis in neutral electrolytes, AOR in
alkaline electrolytes (e.g., NaOH) is accompanied by OER at
all studied potentials, and nitrite becomes the major
product of AOR. The formation of nitrate in alkaline electrolytes proceeds slowly, and it becomes a major AOR product
only at E > 2.1 V vs. RHE. The diﬀerence between the
product distribution in these two electrolytes is associated
with their diﬀerent pH. Indeed, we showed that the FE of
nitrate formation increases with decreasing pH, while the
FE of nitrite decreases. The switch between nitrate/nitrite
selectivity happens at pH ∼ 12. A noticeable contribution of
competing OER is observed at pH > 12, and the FE of O2
increases with increasing pH, which is associated with the
higher availability of OH− species.
We demonstrated that the ammonia-to-nitrite pathway proceeds spontaneously (without applied potential) on pre-electrogenerated NiOOH, while nitrite-to-nitrate transformation is
a purely electrochemical step. Based on these results, we proposed that AOR to nitrate proceeds via the sequential electrooxidative deprotonation of Ni(OH)2, non-electrochemical NH3
oxidation to nitrite by NiOOH, and electrochemical oxidation
of nitrite to nitrate, as summarized in the detailed mechanism
of ammonia oxidation.
We also showed here that the ability of Ni(OH)2 catalyst
to selectively oxidize ammonia into nitrate can be used to
produce a recycled fertilizer: specifically, electrolysis of
NH3-containing solutions of Na2SO4 or K2HPO4 can be converted into solutions of PKNS and PKN fertilizers. We
demonstrated that preparative electrolysis of 0.3 M ammonia
in these two electrolytes produces NH4NO3/K2SO4 and
NH4NO3/K2HPO4 fertilizers with molar ratios of 1 : 1 and
1 : 0.85, respectively. With further system optimization (e.g.,
catalyst optimization via doping, electrolyte design etc.),
this approach holds promise for the continuous electrochemical synthesis of N-fertilizers, which can be integrated
into the systems for the anaerobic digestion of N-containing
waste.
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S1

Details of the assessment of waste-ammonia-to-fertilizer recovery strategies.
To assess the potential of the electrochemical ammonia-to-fertilizer approach, we
compared a roughly estimated gross profit from the electrochemical production of fertilizer to that
from the chemical process that is currently used in some anaerobic digestors.
The gross profit was calculated as
𝛿 = 𝛼𝑜𝑢𝑡 − 𝛼𝑖𝑛 (S1),
where δ is the simplified gross profit from the fertilizer production from 1 kg of waste-ammonia
(in USD), αout is the cost of produced fertilizer, and αin is the cost of chemicals/electrolytes that are
needed for the processes. The amounts of precursors needed for the process were calculated based
on corresponding chemical equations S2-S4. Equation S2 and S3 correspond to the acid-base
reaction between ammonia and inorganic acids used for in chemical approach, whereas equation
S3 correspond to the electrochemical conversion of ammonia into NH 4NO3. The numbers in
brackets show the concentration of precursor used in for the calculations. We note, that 0.1 M
K2SO4 and 0.1 M K2HPO4 were considered as electrolytes for electrochemical approach.
2 NH3 (0.3M) + H2SO4 (0.15 M) → (NH4)2SO4 (S2)
NH3 (0.3M) + HNO3 (0.3 M) → NH4NO3 (S3)
2 NH3 (0.3 M) + 3 H2O → NH4NO3 + 4H2 (S4)
The cost of NH3-containing wastewater is omitted due to being equal in all strategies. Capital costs
and profits from co-production of hydrogen are not considered.
For the calculation of αin and αout, we used available market prices of chemical compounds, which
are summarized in Table S1.
Table S1. Market price of raw materials1,2
Raw materials
/ Electrolytes
H2SO4
HNO3
(NH4)2SO4

ECHEMIa
Market price ($ kg-1)
0.12
0.47
0.44

INTRATECb
US ($ kg-1)
0.05
0.26
0.17

NH4NO3
K2SO4

0.55
0.70

0.25
0.37

K2HPO4
1.31
–c
a
The current prices of chemical were taken from https://www.echemi.com/. The values correspond to the
prices available on Aug 2021. We note that the prices may vary depending on the year, supplier, etc. bThe
values were taken from https://www.intratec.us and represent historical prices of the chemicals in 2007.
c
The information was not available.
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The relative prices of chemicals retrieved from two databases are shown in Figure S1. Notably,
although the actual current prices (data from the Echemi database) are almost twice higher than
the historical prices in 2007 (data from the Intratec database), the relative prices of the chemicals
are very close.

Figure S1. Relative prices of chemicals retrieved from Echemi and Intratec databases (obtained
by dividing the price of each chemical by the price of H 2SO4, which has the lowest price among
these five chemicals).

Table S2. Assessment of several waste-ammonia-to-fertilizer recovery strategies.
Strategy

Reaction

⍺ in ($)

Produced fertilizer

N-P-K-(S)

⍺ out ($)

δ ($)

Acid-base
reaction

2NH3 (0.3M) + H2SO4
(0.15M)
→ (NH4)2SO4 (0.15M)

0.15

(NH4)2SO4

21-0-0-(24)

0.66

0.51

Acid-base
reaction

NH3 (0.3M) + HNO3
(0.3M)
→ NH4NO3 (0.3M)

1.00

NH4NO3

35-0-0-(0)

1.18

0.18

Electrolysis in
0.1M K2SO4

2NH3 (0.3M) + 3H2O
→ NH4NO3 (0.15M) + 4H2

1.90

NH4NO3 +K2SO4 (3:2)

14-0-32-(11)

2.49

0.59

⍺in: cost of acids/electrolytes to treat 1 kg of NH3 (based on INTRATEC)2
⍺out: price of fertilizer derived from 1 kg of NH3 (based on INTRATEC)2
δ = ⍺out – ⍺in: simplified gross profit from the fertilizer produced by treating 1kg of NH 3 following
different strategies. The cost of NH3-containing wastewater is omitted due to being equal in all
strategies. Capital costs and profits from co-production of hydrogen are not considered (see the
discussion in the text).
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Performance of different Ni-based electrocatalysts towards electrochemical ammonia
oxidation
Table S3. AOR performance of selected electrocatalysts3-11
Anode

E or J

pH

Electrolyte

Results

Ref.

Ni98Pd2

20 mA cm-2

10.5

FE(N2) 38.7%

[3]

NFa

0.7 VHg/HgO

11

FE(N2) 50%

[4]

NFa

0.85 VHg/HgO

11

FE(NO3¯) 10%

[4]

Activated Ni

20 mA cm-2

11

15 mAb

13

NixCu1-x(OH)2

1.53 VRHE

13

CNT-Nic

1.5 VRHE

11

No FEs are given.
3:1 N2/NO3¯ ratio
Up to 50% CE without specification
(N2 major; NO2¯, NO3¯ ~ 1:1)
>80% FE of NO2¯
minor oxidation of NH3 was
observed without applied voltage
No FE are given.
~ 14:1 N2/ NO3¯ ratio
No FE are given.
~ 16:1 N2/ NO3¯ ratio
Up to 80%
(4:1 N2/ NO3¯ ratio)
No FE are given.
N2 major. NO2¯: NO3¯ ~ 1:2
80% removal; 90% N2 selectivity

[5]

Ni2P/NF

0.2 M NH4NO3
+ 1 M NaNO3
20 ppm NH3
+ 0.1 M Na2SO4
20 ppm NH3 +
0.1 M Na2SO4
50 mM NH4ClO4
+ 1 M NaClO4
1000 ppm NH3
+ 0.1 M KOH
1 mM NH3
+ 0.1 M KOH

[6]
[7]

130 ppm NH3
[8]
+ 10mM Na2SO4
CNS-Nid
1.5 VRHE
11
130 ppm NH3
[8]
+ 10mM Na2SO4
CuCo/NF
1.1 VAg/AgCl
11
450 ppm NH3
[9]
+ 10mM Na2SO4
NiO NPs
30 mA cm-2
9
200 mM NH4OH
[10]
+ 100mM NaNO3
NiO NPs/NF
2 mA cm-2
9
100 ppm NH3
[11]
+ 0.1M Na2SO4
NiCo oxide
2 mA cm-2
9
130 ppm NH3
98% removal.
[11]
NPs/Ni
+ 0.1M Na2SO4
80% NO3¯ selectivity
Ni(OH)2/NF
1.6 VRHE
11.3f
0.2 M NH3
FE(N2) 51%
This
-2 e
(~6 mA cm )
+ 0.1 M Na2SO4
work
Ni(OH)2/NF
1.9 VRHE
11.5f
0.3 M NH3
FE(NO3¯) 72%g
This
-2 e
(~30.5 mA cm )
+ 0.1 M K2SO4
work
Ni(OH)2/NF
1.6 VRHE
13f
0.2 M NH3
FE(NO2¯) 58%
This
-2 e
(~10 mA cm )
+ 0.1 M NaOH
work
a
Nickel foam; b current is reported instead of current density; c CNT is carbon nanotubes; d CNS is carbon nanospheres; e
Average current density in the first two hours of electrolysis. f Initial pH of the electrolyte. g Total FE in the end of 52h
electrolysis.
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Surface roughness of Ni foam

Figure 2. Determination of double-layer capacitance Ni plate (a,c) and Ni foam (b,d) in 1M KOH
(CVs taken over a range of scan rates; and currents due to double-layer charging plotted against
scan rate). (e) Double-layer capacitance values and roughness factors of Ni materials.

Preparation of Ni(OH)2/NF anode:
Ink preparation: Nanostructured Ni(OH)2 catalyst was prepared using the optimized epoxide solgel synthesis method previously reported by our group.12 Catalyst inks were made in a 15-ml glass
vial by mixing of 120 mg of Ni(OH)2 catalyst with 60 mg Vulcan Carbon Black (FuelCellStore)
followed by the addition of 7 mL of absolute ethanol (>99.9% ACS grade, Sigma-Aldrich). The
S5

mixture was sonicated for a few seconds to disperse the powder in the solvent. Solution containing
0.6 mL of Nafion-117 solution (~5% in a mixture of lower aliphatic alcohols and water, SigmaAldrich) was added to the dispersed solution afterwards. Ink mixtures were then sonicated for 1 h
at 60 oC in a closed vial.
Substrate preparation: Ni foam (1.6 mm thickness, MTI Corporation) was cut into several pieces
with dimensions of 1 cm x 3 cm (width and length, respectively) for the standard electrode, and
with dimensions of 1 cm x 6 cm for the electrode used in the preparative ammonia electrolysis.
Nickel foam pieces were cleaned by successive sonication in acetone and water for 15 minutes,
and then dried under Ar flow.
Anode preparation: Freshly cleaned Ni foam was immersed in the ink solution and sonicated for
10-15 minutes, pulled out and dried. Then the ink was dropcasted evenly onto both sides of the
foam. The total volume of the ink deposited was adjusted to ~10 mg cm-2 of Ni(OH)2 catalyst on
each electrode. The as-prepared electrodes are shown in Figure S2:

Figure S3. Photographs of a freshly cleaned Ni foam (a) and the prepared Ni(OH)2/NF anode (b).
Electrochemical cell setup:
Cyclic voltammetry and chronoamperometry studies were conducted in a conventional gas-tight
two-compartment cell (the volume of each compartment was 150 mL), equipped with an anion
exchange (Fumasep FAB-PK-130, FuelCellStore), Ni(OH)2/NF anode, NF cathode, and Ag/AgCl
double-junction reference electrode and connected to an electrochemical workstation (Biologic
SP-300). All recorded potentials (vs Ag/AgCl) were converted to the RHE scale using the Nernst
equation: ERHE = EAg/AgCl + EoAg/AgCl + 0.059 x pH, where EoAg/AgCl = 0.1976 at 25 oC, and pH of
the anolyte was measured using PH60 pH meter (APERA Instruments). All potentials are reported
as measured, without Ohmic potential drop corrections. Ag/AgCl reference electrode was
calibrated using 10mM ferro-ferricyanide system in 0.5 M H2SO4, and the obtained ox-red
potentials agreed with those reported in the literature (Figure S12).13
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0.1 M Na2SO4 (99%, ACP Chemicals) or 0.1 M NaOH (>97%, Sigma-Aldrich) solutions in MilliQ water was used as catholyte and anolyte (the volume of the electrolyte in each compartment was
65 ml). NH3-containing anolyte was prepared by the dilution of the concentrated solution of NH 3
(ACS reagent, 28-30% NH3 basis, Sigma-Aldrich), the ammonia content in which was determined
by ion chromatography (IC) using Metrohm Eco IC equipped with a cation column using 1.7 mM
HNO3 (ACS reagent, 70%, Sigma-Aldrich) + 1.7 mM 2,6-pyridinedicarboxylic acid (99%, SigmaAldrich) solution in Milli-Q water as an eluent. The calibration curve standards, containing 1-10
ppm NH4+ were prepared from NH4F (>99.99%, Sigma-Aldrich).
Preparative electrolysis:
Preparative AOR was performed in a 150 ml divided cell equipped with inlet and outlet for the
electrolyte circulation, 5 cm2 Ni(OH)2/NF anode, NF cathode, and Ag/AgCl single-junction
reference electrode and connected to an electrochemical workstation (Biologic SP-50). 0.1 M
K2SO4 (>99%, Sigma-Aldrich) or 0.1 M K2HPO4 (>98%, Sigma-Aldrich) with 0.2-0.3 M NH3
solutions were used as an anolyte. 0.1 M K2SO4 or 1 M KOH (>85%, ACS reagent, Sigma-Aldrich)
solutions were used as a catholyte. The volume of the electrolyte in each compartment was 145
ml, the flow rate of the electrolyte was 50 ml min-1. Unless otherwise stated, electrolysis was
stopped when current became low, and the total charge passed was close to the charge theoretically
required for the full conversion of ammonia.
Product analysis:
In a course of potentiostatic electrolysis, Ar (99.999%, Praxair) was continuously bubbled through
the reaction mixture at 10 mL min-1. Ultra high purity Ar (99.999%, Praxair) was used in all
experiments to minimize the amount of O2 and N2 originating from the carrier gas. Prior to the
electrolysis, the system was purged with Ar during 1 h until GC showed only trace amount of O 2
and N2, which then were used as a baseline. The gas products (N2 and O2) formed in a course of
electrolysis were analyzed by gas chromatography (GC) using SRI MG-5 multiple gas analyzer
connected to the cell through the ammonia trap containing 1 M H2SO4 solution (~ 100 ml glass
tube equipped with septa, containing ~20 ml of acidic solution), preventing the NH3 vapour getting
into the GC columns and possible damaging of the instrument. Nitrate and nitrite concentrations
were determined by ion chromatography (IC) using Metrohm Eco IC equipped with an anion
column using 3.2 mM Na2CO3 (>99.5%, ACP Chemicals) + 1 mM NaHCO3 (>99.7% VWR)
solution in Milli-Q water as an eluent. The calibration curve standards, containing 1-10 ppm NO3/NO2- were prepared from the commercially available solutions of these anions (1000 ppm, SigmaAldrich). The samples for IC were prepared by 100-times dilution of the reaction mixture (100 ul
of the reaction mixture was taken from the cell for each measurement).

Calculation of faradaic efficiency of O2 and N2 formation:
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The quantitative analysis of O2 and N2 was performed using a thermal conductivity detector
(TCD). The Faradaic efficiency (FE) of the gas products was calculated14 as:
𝐹𝐸 (%) =

𝑛𝑖 ×𝐹 × Φ𝑖 × F𝑚
𝐼

(S5),

where ni is a number of the transferred electrons (ni = 4 for O2 and 6 for N2), F is the Faraday
constant, Φi is the volume fraction of the gas product being quantified (calculated by calibrating
the GC data using a diluted mixture of the gases of known concentrations), I is the current value
at the beginning of the measurement, Fm is the molar Ar gas flow rate.
Calculation of faradaic efficiency of nitrite and nitrate formation:
The quantitative analysis of nitrate and nitrite was performed using an ionic conductivity detector.
The FE of the gas products was calculated as:
𝐹𝐸 =

𝑛𝑖 ×𝑉×𝐶×𝐹
𝑄×𝑀𝑤

(S6),

where ni is a number of the electrons transferred (ni = 6 for NO2‾ and 8 for NO3‾), F is the Faraday
constant, C is the concentration of nitrate/nitrate in the analyte in ppm, V is the total volume of the
anolyte, Q is the total charge passed, and Mw is the molecular weight of nitrate/nitrate.
Electrochemical impedance spectroscopy:

Figure S4. Nyquist impedance spectra recorded for the Ni(OH)2/NF anode during the OER (b) or
AOR (c) at different potentials. (a) A Randles circuit used for the interpretation of impedance
spectra, consisting of the resistance of solution, double layer capacitance at the surface of the
electrode as well as charge transfer resistance. Data are summarized in Table S4.
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Table S4. Optimum fit parameters for the impedance date of Ni(OH)2/NF electrode in OER (0.1M
Na2SO4) and AOR (0.1M Na2SO4 + 0.2M NH3) systems, where Rs is solution resistance, Cdl is
double layer capacitance at the surface of the electrode, Rct is charge transfer resistance, and W is
Warburg resistance.
E (V vs RHE)

Reaction

Rs (Ohm)

Cdl (mF)

Rct (Ohm)

W (Ohm s-1/2)

1.3

OER

2.761

1.59

3.136

1.037

1.4

OER

2.762

1.62

2.227

1.205

1.5

OER

2.775

2.43

1.142

1.349

1.6

OER

2.772

2.83

0.727

1.353

1.7

OER

2.775

2.51

0.548

1.394

1.3

AOR

3.302

1.62

2.792

1.124

1.4

AOR

3.297

1.494

1.856

1.016

1.5

AOR

3.245

1.987

0.845

0.907

1.6

AOR

3.225

2.705

0.602

0.739

1.7

AOR

3.21

3.108

0.561

0.592

Figure S5. Ammonia to ammonium molecular ratio as a function of solution pH.
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Figure S6. (a) Setup used for in-operando UV-Vis analysis of nitrate in a course if potentiostatic
electrolysis of 0.2 M ammonia in 0.1 M Na2SO4 comprising of the following parts (from left to
right): (1) divided electrochemical cell, connected to a potentiostat; (2) peristaltic pump; (3) UVVis spectrometer; (4) a cuvette. Peristaltic pump is used for the circulation of the anolyte through
the cuvette. (b) close-up photo of the uncovered cuvette. (c) close-up photo of the covered cuvette.
(d,e) examples of UV-Vis spectra recorded with 10-minute intervals in the course of AOR at 1.9
V (d) and 2.1 V (e).

Figure S7. The pH changes in the catholyte and anolyte after 20 h electrolysis (left). The changes
in SO42- and NO3- concentrations in anolyte after 20 h electrolysis (right). Electrolysis was
performed using NF cathode and 1.5 cm2 Ni(OH)2/NF anode using 0.1 M Na2SO4 as electrolyte
for both compartments.
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Figure S8. (a) UV-Vis spectra of aqueous [Ni(NH3)6]Cl2, and reaction mixtures after the
preparative electrolysis of 0.3 M NH3 in 0.1 M Na2SO4 at 1.9 V and 2.1 V. (b) Photos of the
solutions after the preparative electrolysis. (c) LSV curves recorded at 1 mV s -1 scan rate at
Ni(OH)2/NF catalyst (before the preparative electrolysis) and after for 0.2 M NH3 + 0.1 M Na2SO4
solution.

Figure S9. Preparative electrolysis of 0.3 M ammonia in 0.1 M K 2HPO4 performed at 1.9 V vs
RHE (left) and the anolyte composition after the electrolysis (right). Grey bars correspond to the
NH3 concentration before and after electolysis. Other bars represent the concentrations of ions
after the electrolysis. Electrolysis was performed using 5 cm2 Ni(OH)2/NF anode.
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Figure S10. The effect of pH on the AOR, OER, and nitrite oxidation at Ni(OH)2/NF anode. (ac) LSV recorded at 10 mV s-1 at Ni(OH)2/NF in 0.1 M Na2SO4, containing 0.2 M NH3/NH4+ (a),
0.1 M NaNO2 (b), and without any additives (c). Electrolytes with pH 9-12 were prepared by
adjusting pH of the electrolyte by the addition of sulfuric acid or sodium hydroxide. For the
reactions at pH 13 and 14, 0.1 M NaOH and 1 M NaOH were used as electrolytes. (d-e) Relative
activity of AOR, nitrite oxidation, OER at Ni(OH)2/NF anode at different pH: 10 (d), 12 (e), 13
(f).

Figure S11. Electrolysis of 0.01 M NaNO2 in 0.1 M Na2SO4 at 1.9 V vs RHE and pH 11.3 (pH
was adjusted by adding an appropriate amount of NaOH).
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Figure S12. CV of 10 mM K2[Fe(CN)6], recorded at scan rate 100 mV s-1 at glassy carbon
electrode in in 0.5 M H2SO4 as supporting electrolyte. The half-wave potential (E1/2) of the ferroferricyanide system was determined according to the following equation: E 1/2 = Epa – 1/2ΔEp,
where Epa is the anodic peak potential, and ΔEp is the anodic and cathodic peak separation.
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