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Nickel is an attractive metal for electrochemical applications because it is abundant, cheap, chemically resilient,
and catalytically active towards many reactions. Nickel-based materials (metallic nickel, its alloys, oxides, hy-
droxides, and composites) have been also considered as promising electrocatalysts for ammonia oxidation. The
electrolysis of ammonia aqueous solution results in evolution of gaseous hydrogen and nitrogen. Up to date
studies showed that metallic Ni and Ni (hydro)oxides are not catalytically active unless they are electrochemi-
cally converted to NiOOH at ~1.3 V vs. RHE. Then, dehydrogenation of NH3 begins with electron coupled proton
transfer to NiOOH resulting in a would-be reversible reduction of the latter to Ni(OH),. Unlike the water elec-
trolysis process, in which solely oxygen is obtained at the anode, during ammonia electrooxidation apart from
release of N, many undesired oxygenated nitrogen moieties may also turn up. These products appear after at
least partial dehydrogenation of ammonia. Studies on NiOOH activity have been conducted for systems con-
taining various modifiers, e.g., Cu, Co, S, P, however, their particular role in catalytic activity has not yet been
elucidated. Nowadays research is being conducted in the direction of increasing the activity, selectivity, and

stability of NiOOH.

In this review, the electroactivity of Ni is analyzed and discussed in accordance with its oxidation states along
with the ammonia oxidation mechanism. The main research problems to be solved and challenges for the future
industrial use of ammonia are presented.

1. Introduction

According to the EU’s hydrogen strategy (COM/2020/301), the
priority for the EU is to develop hydrogen production technologies
employing electrolyzers powered by renewable energy. This is main
solution for decarbonizing various industrial sectors. Widespread pro-
duction of green hydrogen will be possible if it is cheaper than producing
hydrogen from fossil fuels. This means that the cost of the electrolyzer
and its operation must be lowered. Electrodes used in industrial elec-
trolyzers for hydrogen production are made of catalysts based on noble
metals, which are rare, thus expensive.

Typical systems for water electrolysis produce hydrogen on cathode
and oxygen on anode. The cathodic hydrogen evolution process (HER)
has been well developed, whereas the oxygen evolution reaction (OER)
poses many practical obstacles, mainly resulting from its high over-
potential (low energy efficiency) and the hazard of Hy-O, mixture ex-
plosion. In this regard, replacing oxygen evolution with ammonia
oxidation reaction (AOR) is a promising solution to tackle these
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obstacles. Namely, it has a very low redox potential E° = —0.097 V vs.
RHE [1], and it results in evolution of nitrogen on anode what eliminates
the risk of hydrogen explosion (the redox potential of water oxidation to
oxygen is E° = 1.23 V vs. RHE).

It is worth mentioning that in addition to ammonia, other nitrogen
compounds, namely, hydrazine and urea are also the subject of the
research, though ammonia is the least investigated out of the three. The
disadvantages of using ammonia are its low solubility in water and its
gaseous state. However, ammonia as a sacrificial agent has many ad-
vantages. The mass fraction of hydrogen in ammonia is 17.6%, which is
higher than that in hydrazine (12.5%) and urea (6.6%). Ammonia
oxidation does not emit COs like urea and is a safer compound to handle
than hydrazine. However, electrochemically dehydrogenated N atoms
are easily further oxidized to NOy, instead of getting dimerized to N,
especially at high overpotentials. Both urea and hydrazine are obtained
from ammonia, so it is economically advantageous to use ammonia for
the assisted water electrolysis. In addition, the importance of the
ammonia electrooxidation study can be extended for the development of
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ammonia fuel cells [2], sensors [3] and wastewater treatment [4].

The ammonia oxidation process attracted interest as early as the
1960s’ [5]. It was established that water electrolysis on Pt in ammonia
aqueous solutions proceeds as follows (Eq. 1-3):

Anode : 2NHs + 60H™ — N2+ 6H20 + 6¢~ (@D)]
Cathode : 6H,0 + 6~ — 3H, + 60H™ 2
Overall reaction : 2NHs — N2+ 3H2 3)

As the reactions show, water used in the cathodic process comes from
the anodic oxidation of ammonia, which is the indirect source of
hydrogen evolving on the cathode.

The exact mechanism of ammonia oxidation is not yet recognized.
However, based on the results of studies conducted for Pt, as the most
active electrocatalyst of AOR, it was assumed that this process can
follow two mechanisms (Fig. 1). First one, proposed by Oswin and Sal-
omon [6] (O—S mechanism), proceeds by successive dehydrogenation
of NHj to adsorbed atomic nitrogen (N,qs), followed by its dimerization
to Nj. Later studies showed that AOR proceeding according to this
mechanism leads to poisoning of the Pt surface by Nags [7]. The mech-
anism proposed somewhat later by Gerischer and Mauerer [8] (G-M
mechanism) takes into account the coupling of the dehydrogenated NHy,
ads species into NHy 54s-NHy 245 (1 < ZH < 4), followed by their further
dehydrogenation to N». In both mechanisms the OH™ ions taking part in
the reaction come directly from the solution (without preceding
adsorption). These mechanisms were confirmed experimentally by
spectroscopic technics [9] as well as DFT calculations [10].

Selected limitations of the practical application of Pt as the electro-
catalyst for AOR are as follows: (i) susceptibility to poisoning due to
formation of N,gs or other oxygenated nitrogen species at potentials
>0.65 V vs. RHE [7]; (ii) high overpotential (ca. 0.5-0.6 V [11]) which
may result in strong polarization, therefore, part of the electricity is used
for water oxidation, thus the evolution of oxygen; (iii) poor selectivity of
the catalyst which leads to NOyx formation instead of Ny at potentials
higher than 0.8 V vs. RHE [11].

The above-described characteristics have given rise to search for
other electrocatalysts based on non-noble metals in particular. From the
very beginning of the research on AOR [5], Ni was considered as a
possible alternative to Pt due to its electrochemical stability in alkaline
medium, which is a prerequisite for the presence of ammonia in
nonionic form (pKa = 9.25). The good electrochemical properties of
nickel, in particular its hydro(oxides), as a single non-metal electro-
catalyst are attributed to its close to unity ez occupancy of the 3d elec-
tron in Ni®* (toge €g1) ions. Therefore, Ni-based species with a valence
state of 3+ have been used in NiCd or NiH batteries [12] and also re-
ported to be very good material for OER [13], though their stability was
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not as high as expected. Accordingly, nickel (metallic), its alloys, oxides,
hydroxides, and some composite materials have been considered as
promising electrocatalysts for ammonia oxidation reaction. The up-to-
date literature includes reviews on: (i) the AOR mechanisms [14,15],
(ii) electrocatalysts for AOR with special emphasis on noble metals
[15-18], (iii) non-noble metals for AOR [17] (iv) the use of AOR in fuel
cells [19-21]. In our opinion, those reviews do not address thoroughly
the significance of nickel oxyhydroxides in the mechanism of AOR.

In the presented work, the electroactivity of Ni is analyzed and dis-
cussed taking into account its all oxidation states. The analyzed data are
compared to properties of the Pt catalysts as a benchmark. We highlight
those composite/alloy materials for which Ni is confirmed to be the
electroactive center of AOR, while the other components modify its
properties. We focus on the AOR mechanism, the catalysts activity,
selectivity, durability, and efficiency. The properties described are of
particular relevance to assisted water electrolysis, electricity generation
in fuel cells, and removal of ammonia from wastewaters. We also
identify the main challenges for future research and the research prob-
lems to be solved so that the industrial use of ammonia as a hydrogen
carrier can be expanded.

2. Nickel based electrocatalyst for ammonia oxidation

In this chapter, the possibility of ammonia oxidation on nickel of
various oxidation states confirmed by theoretical calculations and
experimental works are presented.

2.1. Nickel(0)

The standard enthalpy of solution of gaseous ammonia in water to
form the non-ionized solute was found to be —35.3 kJ/mol (—0.37 eV) at
298 K [22], whereas the standard enthalpy of adsorption of ammonia on
Ni surface from gaseous phase ranges from —63 to —100 kJ/mol (from
—0.65 to —1.03 eV) [23,24]. Thus, the adsorption of ammonia on the Ni
surface is energetically favorable. Moreover, theoretical calculations
indicate that on Ni(111) the adsorption energy increases in the following
sequence: Ny (—0.42 eV) < NH3 (—0.72 eV) < NH; (—2.72 eV) < NH
(—4.52eV) < N (—5.3 eV). Despite the increase in the adsorption energy,
the length of the N—H bonds practically does not change, in other
words, their energy does not decrease [25]. It is worth noting that the
stability of the mentioned individuals on the Ni surface is close to that on
the other catalytic surfaces, e.g. Pt(111) [26] and Rh(111) [27].

From thermochemical calculations [10,28] (Table 1), the onset po-
tentials of AOR at Ni(111) were estimated to 0.56 V (NH,qs = Nags) and
0.33 V (HNNH> 545> HNNH,q,) for the O—S and the G-M mechanisms,
respectively, whereas at Ni(100) was estimated to 0.25 V (NH,gs = Nags)
and 0.06 V (NNH,gqs = Nj) for the O—S and the G-M mechanisms,

Oswin-Salomon mechnism (O-S)
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Fig. 1. The mechanisms of ammonia oxidation reaction to nitrogen.
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Table 1
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Selected thermodynamical, kinetical parameters and limiting steps of ammonia oxidation on platinum and nickel electrodes obtained by computational calculations.

Onset potentials'

Activation energy"

Gibbs free energy change Preferential energy pathway

Value [V vs. RHE] Step Value [eV] Coupling step Value Coupling step
) 0.06 [28] NNHy ags > NHH,qs 2.28 [28] Nads-NHaad
Ni(100 : Nads-NHaaqs at 0.4 V [28
1100 0.25 [28] NHags > Nags 3.30 [28] Nads-Nads ads-NHaads @ [28]
) 0.33 [10] HNNH, 245> HNNHags
Ni(111 - - - - -
A 56 1103 NHags » Nogs
NHaqeNH,
B-Ni(OH), 1.52 [34]1.58 [34] N ddN ) ads - - NHaqs-NHoas [34]
Pt(100) 0.29 [28] HNNH, 4 > NNH,q; 0.56 [28] Nads-NHadg
~—07eV  NugeNHyg [31 Nads-Nags at 0.4 V [28
G-M >0.50" [11] NHj o5 formation ~0 [11] Nads-NHags ¢ ads"NHags [31] adsNads & (28]
0.53 [28] Nads-Nads
Pt(100 Nads-Nags at 0.9 V [28
09 087 s NH 005 Nelgis ~0[1]  NaaNaas SISV NNl 2035 DS
) 0.1[31] Nads-Nads ads"NHags at 0.
0.28 [10] HoNNH, 50> HNNH, .0~ 1.07 eV NHy, a4s-NHy ags [10]
Pt(111) NHaaqs-NHaqqs at 0.4 V [10]
0.52 [10] NHads = Nads 2.24 eV Nads~Nags [10]

i
i

* .
experimental value,

respectively. These data indicate that Ni may be a good electrocatalysts
for AOR and Ni(100) shows lower onset potentials for both mechanisms.
For comparison, the onset potentials at Pt(111) were calculated to be
0.52 V (NHags = Nags) and 0.28 V (HoNNHy, s> HNNHy o) for the 0—S
and the G-M mechanisms, respectively, whereas the relevant potentials
at Pt(100) are 0.87 V (NH3 ads® NHggs) and 0.29 V (HNNH,qs » NNHyqs)
for the O—S and the G-M mechanisms, respectively. For the (111) plane,
the differences in these characteristic potentials between Ni and Pt are
minimal, although for the G-M mechanism different dehydrogenation
reactions were considered for their evaluation. In the case of (100) facet,
the onset potentials calculated at Ni(0) was found to be lower than that
at Pt(0), thus may suggest that Ni(0) could be a more active catalyst than
Pt(0) for AOR. Although these characteristic potentials at Ni are favor-
able in comparison to Pt, for the G-M mechanism the slow kinetics of
N—N formation was pointed to limit the overall reaction rate (kinetic
aspect) [10].

As far as non-faradic steps are considered their energy barriers for
both mechanisms were calculated by Elnabawy et al. [28] as shown in
Table 1. For the O—S mechanism, this is the dimerization of N,qs, while
for the G-M one the dimerization of NH, (where x = 0 +2) to hydrazine
or other intermediate species. In the case of Pt(100), the calculated
activation energy of N—N formation resulting from N,g4s dimerization is
0.53 eV, while for the G-M mechanism the activation energy of hydra-
zine formation was estimated to be 2.32 eV. Thus, the authors concluded
that Pt(100) should not be poisoned by N,gs, but as we show further in
the article, the experiments to date do not confirm this [11]. High energy
barrier of hydrazine formation was also confirmed by Li et al. [29]. For
Pt(111), on the other hand, the relevant calculated activation energy is
2.24 eV for N,gs coupling, whereas 2.69 eV for NH,q4s dimerization (the
NHj-NHj,a4s barrier formation is 1.07 eV) [28]. Thus, the energy barrier
for the NHp 545 dimerization is much higher for Pt(100) than for Pt(111).
However, Wallace et al., based on the DFT calculations, concluded that
at high coverage of NHj .45 their dimerization barrier at Pt(100) be-
comes much lower [30].

Meanwhile, Katsounaros et al. [11] and Elanbawy et al. [28] showed
that, the lowest energy barrier are for the N-N,qs and N-NH,45 formation
at Pt(100). Nevertheless, the last step of NH dehydrogenation is slow,
that is why the authors postulated that the most feasible pathway is the
NH,gs coupling. For comparison, the lowest energy barrier for Pt(111)
was shown for NHj »4s dimerization [28].

The calculation results (Table 1) show that Pt(100) should not un-
dergo poisoning by Ng4s thank to the low energy barrier of the Nygs
dimerization. However, the experimental results [11], show that Pt
(100) suffers from poisoning when its potential exceeds 0.63 V. In this
regard, Pillai et al. [31] and Katsounaros et al. [11] proposed that it is

other authors call this parameter limiting potential [34] or formation potential [11],
activation energy of non-farradaic steps of AOR, for the G-M mechanism, values are given for the step with the lowest activation energy,

not nitrogen that poisons the surface of Pt, but the intermediates of
ammonia oxidation (namely NHy .45 or NO,q4s) or hydroxide/oxide spe-
cies such as OHygs/Oags- Similarly, Matsui et al. [9] by using ATR-IR
technique revealed the presence of NO species on the Pt electrode sur-
face is probably responsible for poisoning platinum at higher potentials.
The conversion of NH3 to NHy upon reaction with adsorbed oxygen-
containing species and formation of various reaction products (NO,
N20, N, and H20) was also confirmed by DFT calculations by Novell-
Leruth et al. [32]. The potentiodynamic measurements performed by
Koper et al. revealed that at Pt(111), in the potential region more pos-
itive than 0.65 V, AOR is strongly inhibited (Pt surface poisoned by Nags)
due to the very high activation energy of the N,q4s dimerization step
[7,33]. To our best knowledge there is no experimental evidence for the
existence of species other than N,45 on the surface of Pt(111).

For the O—S mechanism, the calculated activation energy of N—N
formation at Ni(100) is 3.30 eV (Table 1). This value is higher than the
one for the other non-faradaic nitrogen coupling steps assumed for the
G-M mechanism. The lowest energy barrier is 2.28 eV for Nygs-NHaags
step [28]. For the Ni(111) surface, the activation energy data are not
available according to our knowledge. We could expect the Ni surface to
be poisoned in the same way as Pt(111), though at much higher po-
tentials, as first-principle studies show, Ni binds NHy a4s and NHx-NHy ads
even more strongly than Pt (besides NHy-NHj.4s) [10]. Thus,
throughout the entire range of potentials, Ni activity should be relatively
low.

Summarizing, the higher value of the onset potential and the higher
activation energy barrier of Nogs dimerization [28] implies that the G-M
mechanism will prevail on the Ni(100) facet. This assumption has yet to
be experimentally verified, however, it is difficult because the Ni surface
passivates (nickel oxides are formed) [35]. Passivation of Ni begins at
pH higher than 5.5 (as DTF calculations show), however, according to
the experimental results Ni(OH); is stable above pH 9 [36]. Therefore,
theoretically, passivation of Ni surfaces could be avoided by using for
AOR the solution with pH lower than 8. Unfortunately, at pH lower than
9.25 (pKa), ammonia is present in solution mainly as NH ions, with the
consequence that the concentration of free NHg at the electrode surface
to be too low for effective oxidation rate [37].

2.2. Nickel(ID

Nickel potential—pH (Pourbaix) diagram improved by Huang et al.
[36] using state-of the-art first-principles calculations in combination
with modern electrochemical measurements (electrochemical imped-
ance spectroscopy, EIS and surface enhanced Raman spectroscopy,
SERS) is shown in Fig. 2. NiO and Ni(OH); are stable at pH > 5.0 and 6.1
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Fig. 2. Potential-pH diagram of nickel species at 298.15 K, 1.0 bar [36].

(not shown), respectively, below which they dissolve.

Ni electrode immersed in alkaline solutions becomes spontaneously
covered with thin layer of NiO/Ni(OH); (eqgs. 4-5) [38], which thickness
can be further increased by anodic polarization:

Ni+20H™ = Ni(OH), +2e~ ©)]

Ni+20H™ = NiO +H,0 +2¢e~ ()

According to Smith et al. [39], who used in situ differential reflec-
tometry technique, a film composed of Ni(OH), accompanied by NiO
grows on the electrode surface at intermediate potentials (polarization
in de-aerated solution of 1 M NaySO4 0.88 V vs. RHE). These observa-
tions were confirmed by Zhang et al. [40], who revealed a bilayer
structure of the surface film consisting of the inner NiO layer and the
outer Ni(OH), layer by the X-ray photoelectron spectroscopy (XPS)
analysis (polarization at 1.23 V vs. RHE, pH 9.2). The SERS spectra, in
turn, indicated the formation of an amorphous Ni(OH), film without
NiO (at 1.33 V vs. RHE, pH 8.4) [41].

Ni(OH); can be synthetized as a stack of layers intercalated with
water molecules and electrolyte ions. There are two known crystallo-
graphic structures: a-Ni(OH); e xH50, 0.41 < x < 0.47 and p-Ni(OH);
xH20, 0.1 < x < 0.4. The intercalated water molecules hold together Ni

Table 2
Selected redox potentials of nickel, nitrogen and their derivatives [1]
No. Half-cell reaction E°, V vs. RHE

Ni(OH), + 2e~ — Ni + 20H™ 0.106
NiO + H0 + 2e” — Ni + 20H™ 0.116
NiOOH + H,0 + e~ — Ni(OH), + OH™ 1.300
2CuO + Hy0 + 2e” — Cuy0 + 20H™ 0.606
CuO + Hy0 + 2~ - Cu + 20H™ 0.536
Cuz0 + Hy0 + 2e™ — 2Cu + 20H™ 0.461
NH20H + Hz0 + 2™ — NHa(aq) + 20H™ 1.246
0.5 N2 + 3H20 + 3¢~ — NHs(g) + 30H™ —0.057
0.5 N2 + 3H20 + 3¢ — NHagyq) + 30H™ —0.092
0.5N50 + 3.5H0 + 4e~ — NHa(aq) + 40H™ 0.510
NOg) + 4H0 + 5e” — NHa(aq) + 50H™ 0.727
NO; + 5H20 + 6e~ — NHz(aq) + 7OH™ 0.806
NO3 + 6Hz0 + 8¢~ — NHsgaq) + 9OH™ 0.875*
2NO + 2H,0 + 4e™ — Nog) + 40H™ 1.678
2NO; + 4Hz0 + 6e~ — Nogg) + 8OH 1.520
2NO3 + 6H20 + 10e™ — Ny + 120H™ 1.246

" approximate value, more precise data are missing [1].
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(OH), layers and have freedom to rotate and translate between the
planes. The possible types of structural disorders involve not only var-
iable hydration but also incorporation of foreign ions, stacking faults
and other crystal defects [35]. a-Ni(OH), has a large charge capacity
(482 mAh/g), low charge and high discharge voltages and large volume
expansion in comparison with p-Ni(OH)y [35]. Moreover, electrical
conductivity of a-Ni(OH); is higher due to larger water content [42].
Concentrated alkaline solution (so called “aging™) causes the removal of
intercalated water from a-Ni(OH), and its recrystallization to the p-Ni
(OH), form, in which the interlayer distance is much shorter. The
interlayer water in a-Ni(OH), is removed at T ~ 240-300 °C, whereas
dehydration of -Ni(OH), proceeds between 160 °C < T < 525 °C and
begins with expulsion of the intercalated water and ends up with
decomposition of Ni(OH), to NiO [35].

There are no experimental results confirming catalytic activity of Ni
(OH); for ammonia electrooxidation reaction prior to its conversion to
NiOOH (see subchapter 3. Nickel(IlI)). An attempt to theoretically
analyze the mechanism of AOR on p-Ni(OH); was undertaken by
Choueiri et al. [34]. The authors postulated that the evolution of N3 on
the B-Ni(OH), surface undergoes through NH-NH,q4s coupling as the
lowest energy path. The calculated limiting potentials for Ny formation
are 1.52 and 1.58 V vs. RHE for NH,gs-NH,qs and Nags-Nags coupling,
respectively. These results cannot be confirmed experimentally, since
the transformation of Ni(OH), to NiOOH is observed in this potential
range.

2.3. Nickel(III)

Near the oxygen evolution potential, Ni(OH), is reversibly trans-
formed into higher-value oxide:

Ni(OH), + OH™ - NiOOH + H,0 +e~ (6)

According to the Bode cycle [43], a-Ni(OH), may undergo trans-
formation to y-NiOOH, whereas B-Ni(OH), to -NiOOH (two distinct
redox transitions: p/p and ao/y), as shown in Fig. 3. a-Ni(OH), can be
converted at potential about 40 mV lower than the corresponding p-Ni
(OH);, form. a-Ni(OH); can be fully oxidized to y-NiOOH prior to the
onset of OER [44]. Multiple potential cycling of the nickel hydroxide
electrode (electrochemical oxidation by overcharging to 20%) results in
an increase in electrical conductivity from 102’ S/cm to 107> S/cm at
298 K, indicating change from insulating Ni(OH); to a semiconducting
NiOOH [42]. The phase transition between Ni(OH)z() and NiOOH) was
confirmed by Raman spectrometry [45] and XPS [46].

It is known that a-Ni(OH), is unstable in alkaline solutions since it
undergoes irreversibly dehydration to the $-Ni(OH) form. Therefore,
some authors challenge the Bode cycle suggesting that during electro-
chemical experiments a-Ni(OH); is not directly oxidized to y-NiOOH
because its conversion to f-Ni(OH), can not be avoided. The proposed
scheme of the reactions is as follows [47] a-Ni(OH); = B-Ni(OH), >
B-NiOOH.

B-NiOOH has a low theoretical capacity and if overcharged it trans-
forms to y-NiOOH (more disordered form), with simultaneous deterio-
ration of electric contact with a current collector. Although B-NiOOH
and y-NiOOH have similar structures, the latter has the higher oxidation
state (3.55-3.7) than B-NiOOH (3.0). Thus, this conversion leads to
unbalanced positive charge, which drives anions from the bulk solution
into the interlayer space increasing the distance between the layers from
4.8 A in B-NiOOH to 7 A in y-NiOOH [35,48]. This should be associated
with the larger charge capacity [48,49]. The average oxidation state of
Ni in each phase and the interlayer distances are shown in Fig. 3.

Considering the aforementioned electrochemical properties of a-Ni
(OH),, it would be beneficial to produce and stabilize this structure, to
let its direct conversion to y-NiOOH. In this regard, NiOOH is formed
directly on the electrode by electrochemical oxidation of nickel. In
another approach, chemical syntheses of Ni(OH), are employed (e.g. sol-
gel) followed by deposition of the product onto the conductive support
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B-Ni(OH), - xH,0

(0.41 < x <0.47) (0.1 <x<0.4)
Ni oxidation dehydration Ni oxidation
state 2.0-2.2 / e state 2.0-2.2
e
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8 A ( gio> / 4.6A(
I
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A .
charge discharge charge discharge
v-NiOOH B-NiOOH
Ni oxidation dehydration Ni oxidation
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TA( [ 4.8A(
Fig. 3. Diagram of Bode cycle (adapted from [45,51]).
(electrode) [50]. H +¢
B-NiOOH is most often reduced to -Ni(OH)2, while y-NiOOH to the o P 9)

phase. y-NiOOH may also convert to p-Ni(OH),, but the process is less
likely because it requires internal reconstruction including water
expelling. It is worth noting that reduction of 1 mol y-NiOOH involves
~1.6 mol of electrons.

As shown earlier, theoretical studies do not exclude catalytic activity
of Ni(0) and Ni(OH), towards AOR, however, numerous experimental
results indicate that during polarization Ni(0) and Ni(OH); undergo
chemical reconstruction into NiOOH (eq. 7). The surface species after
this reconstruction (E = ~1.3 V vs RHE) would serve as real active sites.
Thus, the AOR begins at a very high overpotential (E° = —0.097 vs RHE).
As shown in the eq. (7), a proton and electron are transferred in a single-
coupled step leading to indirect reduction of the Ni%* to Ni2* [52,53]

H' +¢
< N\ )
NiOOH + NH ags > Ni(OH) + NHa.uis

According to some authors [34], the proton and electron transfer are
decoupled (eq. 8). Proton goes to the solution whereas electron is
transferred to the electrode without changing the oxidation state of
Ni®*.

H+

< N\ (€)]
OH’aq +NH?),ads 9 HZan + NHZ,ads te

On the other hand, some studies have shown the presence of OH,g;
on the surface of Pt or Ni (hydroxyl adsorption energy on Ni(100) is
—349.03 kJ/mol (3.62 eV) [54], and Ni(111) is —315.5 (3.27 eV)kJ/mol
and is higher than that on Pt(111) -246.7 kJ/mol (2.56 eV) [54]). This
allows us to presume that during AOR the surface of these metals is
simultaneously covered by OHags and NHyags. Theoretically, the
adsorbed OHggs could also enable the NH, .45 dehydrogenation (eq. 9)
since the energy of O—H bonding (463 kJ/mol; 4.8 eV) is greater than
the energy of N—H bonding (391 kJ/mol; 4.1 eV).

OHads + NHS,ads 9 HZOads +NH2,ads

Nevertheless, the role of OH,gs in the dehydrogenation of NH3 at Ni
has not been resolved yet. Though, a key role of OH,q4s was established
for example in the dehydrogenation of NH3, ¢ at Au(111) [55] or the
dehydrogenation reaction of hydrazine at Ni(111) [56]. Moreover, the
formation of NH,4s becomes thermodynamically unfavorable at Pt(100)
unless OH,gs is adsorbed. Coverage of the surface by OH,qys shifts the
formation potential of NH,4s from 0.9 V to ca. 0.69 V vs. RHE [29].
Coadsorption of NH3 and OH™ was theoretically investigated by Zhang
et al. [57] for AOR on NiCu-FeOOH catalysts. The estimated adsorption
free energies of OH™ were as follows: —123.5 kJ/mol (—1.28 eV) on
FeOOH and 110.0+136.0 kJ/mol (1.14+1.41 eV) on metal sites in NiCu-
FeOOH. After the initial coadsorption of NH3 and OH™, the dehydro-
genation of NHjs took place.

The catalytic activity of §-NiOOH could be also moderated by the
presence of hydroxide and oxygen vacancies as was recently reported by
Choueiri et al. [58]. The DFT calculations point to the G-M mechanism
as more thermodynamically favorable. The lowest energy pathway to-
wards Ny proceeds through NH—NH coupling for NiOOH with oxygen
vacancies (0.97 V vs. RHE) whereas surfaces with hydroxide vacancies
favors NH,—NH; coupling (1.12 V vs. RHE). In comparison, for the Nygs
dimerization the lowest energy for NiOOH with oxygen vacancies occurs
at 1.76 V vs. RHE and with hydroxide vacancies at 2.17 V vs. RHE [58].

One of the earliest successful electrooxidation of NH3 at the Ni
electrode was published by Kapalka et al. in 2010 [37]. They carried out
multiple polarizations of clean solid Ni electrode (200 scans) in the
potential range of —0.18 V and 1.87 V vys. RHE thereby oxidizing the Ni
surface, initially to Ni(OH), and then to NiOOH. The current measured
in the CV experiments was responsive to changes in the concentration of
ammonia in the solution. The solutions used for these experiments were
composed of NH4ClO4 in 1 M NaClO4 + NaOH at pH 9 and 25 °C. These
findings were later on extended to Ni foam (NF) and elaborated by Shih
et al. [59]. The CV studies revealed two reversible peaks, first one at
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onset potential of ~1.40 V vs. RHE attributed to transformation of a-Ni
(OH); to y-NiOOH and the second one at 1.64 V vs. RHE assigned to the
B-Ni(OH), to f-NiOOH conversion. The experiments were carried out in
solutions composed of 0.001-0.03 M (NH4)2SO4, 0.01 M NaySOg4, at
pH 11 and 25 °C. Another approach was adopted by Almomani et al.
[60], who synthesized ex-situ NiO and NiO-TiOy nanocatalysts, which
then were mixed with carbon black to obtain conducting composite
electrodes. The cyclic voltammetry measurements were done at pH 9 in
a 0.2 M NH{, 0.1 NaNOs solution. The activity of NiO and NiO-TiO,
towards AOR was achieved by their conversion to NIOOH which exis-
tence was confirmed by the XPS measurements. Gonzalez-Reyna et al.
[61] studied AOR using working electrodes composed of Ni nano-
particles deposited on carbon nanotubes (CNT—Ni) and carbon nano-
spheres (CNS-Ni) in a solution composed of 200-600 ppm (NH4)2SO4 in
0.01 M K3SO4 + KOH at pH 11. Before the ammonia oxidation experi-
ments, the electrodes were polarized to form Ni(OH),. The authors also
assigned the AOR to the conversion of Ni(OH); to NiOOH. Hydro-
philization of the surface of the carbon nanostructures contributed to
increasing the specific surface area on which the Ni catalyst was
deposited. Higher catalytic activity was preserved for CNS-Ni, for which
the rate of ammonia decomposition was 3.63 ppm/h. Medvedev et al.
[50] analyzed the performance of the Ni(OH)2/NF electrode in
0.025-0.2 M NHs, 0.1 M NaySO4 and NaOH solutions at pH 9+14. The
reported onset potential of AOR was 1.4 V, and the presence of Ny was
confirmed to decrease in the potentials range of 1.6-2.2 V. On the
contrary, Huang et al. [62], who synthetized Ni(OH),-Cus0@CuO on NF
(Fig. 4), observed mainly N evolution and minute volume of Oz (1.54 V
vs. RHE). The authors do not state whether this unusually high selec-
tivity of the reaction is to be attributed to the presence of Cu. However,
Cu0@CuO enhances catalytic activity of the Ni(OH)2/NiOOH redox
couple. A much higher current density (~60 mA/cm? at 1.59 V vs. RHE)
was obtained in a solution composed of 1 M NH3 and 1 M KOH (Fig. 5).
The activity of the catalytic materials deposited on NF increased in the
following order: Ni(OH)3-Cup0@CuO > Cuz0 nanowires > > Ni(OH)g,
however, the authors do not consider Cu compounds as the redox
centers.

Xu et al. [63] synthetized hierarchical mixed NiCu layered hydrox-
ides (LHs) nanowires on carbon fiber cloth. It has been observed that Cu
causes an enlargement of NiCu hydroxides’ surface area and thus the
catalytic activity (Fig. 6). On the other hand, Co, Fe, Zn, Mn, or Cr cause
deactivation of Ni. Jiang et al. [64] analyzed nanocomposites of Cu
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Fig. 5. Cyclic voltammetry of Ni(OH),-Cu,O@CuO on the Ni foam performed
in solution of 1 M KOH without and with 1 M NHj3 (potential range from 0.59 to
1.59 V vs. RHE) [62].

(OH); nanoparticles homogeneously distributed in Ni(OH),. Presence of
Cu hydroxide islands on the electrocatalyst surface lowered the onset
potential of AOR from 1.52 V vs. RHE to 1.40 V (pH 13, 0.1 mol/dm®
KOH and 0.5 mmol/dm® (NH4)2S04). Similar influence of Cu was re-
ported by Song et al. [52], who co-deposited Ni and Cu on boron doped
diamond (BDD) followed by their electrochemical oxidation of metals to
hydroxides. Based on the theoretical calculations, the authors postulated
that these metals stabilize the relative energies of the NHy intermediates
thus promoted the ammonia oxidation process.

Zhang’s group used a method of manufacturing catalysts involving
electrodeposition of metals followed by electrochemical tuning in
alkaline solutions to reconfigure the surface (presumably turning metals
into hydroxides). In [65] NiCu were deposited on NF, whereas in [66]
NiCuCo doped by S were deposited on carbon paper. The CV experi-
ments showed that the ammonia oxidation process begins at ca.
1.2-1.3 V for both NaOH and NaOH + NH4CI solutions observed as the
increase of the current due to conversion of Ni2* to Ni®*. The value of
these potentials is about 100-200 mV lower than the ones reported for
the other Ni-based electrocatalysts ([59,64]). The authors did not
discuss this observation. Both catalysts are active towards AOR as shows
an increase of current densities to ~40 mA/cm? for NiCu- [65]
and ~ 73 mA/cm? in case of NiCuCo/S-based catalysts [66] for identical
parameters, i.e. ~1.55 V vs. RHE, 1 M NaOH +0.4 M NH4Cl solutions. A

NH,F
CO(NH,),
120 °C 12h

Nickel foam

Wire-in-plate
structure

CO(NH,),
120 °C 12h

Nanoplates
(Ni(OH),-NPs)

u,0 Nanowire

Cu(NO;),
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Copper-nickel nanocomposites
{Ni(OH),-Cu,0@Cu0)

Fig. 4. The Ni(OH),-Cu0@CuO electrocatalyst deposited on nickel foam [62].
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Fig. 6. SEM images of a) Ni(OH), and b) Nip gCuy > layered hydroxides (LHs) growing on carbon fibers; c) cyclic voltammetry of Nip gCug 2 and Ni(OH), in solution

composed of 0.5 M NaOH and 55 mM NH4CI at scan rate of 25 mV s [63].

maximum current density of 90 mA/cm? at the potential of 1.53 V was
obtained for 3 M NaOH +0.4 NH4CI solution [65] and 121 mA/cm? at
1.65 V for 3 M NaOH +0.2 NH4CI solution. The enhanced electro-
catalytic activity of the NiCu-based catalyst was attributed to the 3D
structure, whereas NiCuCo/S-based one to synergistic effect between
active metals, thus improved their adsorption/desorption properties.
Unfortunately, the authors did not compare the current values normal-
ized against the effective catalyst surface area (ECSA). High current
density (90 mA/cm? at ~1.55 V vs. RHE, 1 M KOH + 0.3 M NHs) was
also recorded by Latvyte et al. for a nickel-copper co-electrodeposited
catalyst onto a nickel felt. A long-term experiment (50 h at 20 °C) per-
formed at a current density of 100 mA/cm? (cell potential 1.69-1.78 V)
showed the electrode maintained a stable AOR rate [67]. Tsai et al. [68]
investigated the ammonia oxidation using Cu electrodeposited on NF.
The XPS analysis revealed that NH; facilitates oxidation of Cu0 to Cu
(OH)3, which according to the authors suggestion catalyzes the AOR
alongside with NiOOH. The catalytic activity of Ni—Cu composites was
also studied by Rahardjo et al. (Ni and NiCu oxides with Pt nano-
particles) [69], Zhang et al. (NiCu alloy on CNTs) [70] and (NiCu alloy
nanoparticles covered with NIOOH and CuO on carbon paper) [71], and
Zhu et al. (Ni—Cu hydroxides with Fe dopants) [72] and Hu et al.
(N-NiZnCu LDH/reduced graphene oxide on Ni foam) [73].

The above-described reports show that addition of copper/copper
oxides to Ni-based catalysts have promising effect on their performance,
e.g., higher activity. Nevertheless, the role of copper in the oxidation of
NHj3 is still not clear and needs further studies. It is worth noting that the
earlier DFT calculations [10] indicated NHy binding energies on metallic
Cu to be very weak, thus it should not be a good catalyst for the dehy-
drogenation of NH3 to Nj. The analysis of the redox potentials shown in
Table 2, also indicate that one can indeed hardly expect Cu moieties to
be the charge transfer centers for the NH3 oxidation. According to our
knowledge, there are no theoretical predictions of the copper oxides’
catalytic activity.

There are a few publications in which other Ni-based bimetallic
materials have been analyzed for AOR, however, the results are not as
promising as for Cu, so the number of reports is much lower. Although
Xu et al., in the aforementioned paper [63], found out that Co hindered
Ni activity, the other researchers reported opposite results [74,75]. Shih
et al. [74] assumed that ammonia oxidation was mediated by bimetallic
M(II)/(III) (M = Ni and Co) redox couple. Another studied bimetallic
composite for AOR was AgNi obtained by electroplating metallic Ag
nanoparticles on Ni [76]. The electrocatalytic AOR performed in the
solution containing 3 mM NHZ and 0.1 M Na,SOy4, pH 11, was mediated
by the redox series of Ag(II)/Ag(I) and Ni(III)/Ni(Il). The effect of Pd
content in NiyPd; _y (where x = 0.98, 0.93 and 0.58) electrocatalysts was
analyzed by Allagui et al. [77] for the solution composed of 0.2 M
NH4NOs, 0.5 M NaNOs at pH 10.5. In this system, the active center of the

NH; oxidation was also assign to the presence of NiOOH obtained by the
electrolytic treatments of Ni. It was shown that increase in the Pd con-
tent decreases the size of the Ni nanoparticles from 50 to 100 nm to
5-20 nm. Nevertheless, the addition of Pd did not result in the increase
of Ni activity (lower current density was measured). Other reported data
indicate that palladium shows no activity towards ammonia oxidation
(0.1 M (NH4)2SO4 + 0.2 M NaOH) [78]. In the above discussion, we
highlighted those materials for which Ni is confirmed to be the elec-
troactive center of AOR, while the other components modify its prop-
erties. Therefore, we have not included studies devoted to Pt—Ni
composites, since in these materials Pt is the electroactive center (AOR
at ~0.55 V vs. RHE).

There have been only three papers published on Ni-based materials
modified by nonmetals so far, i.e. P [79], S [66] and C,N [80] ([66,80]
were described above). Wang et al [79]synthetized NiyP deposited onto
NF by thermal decomposition of NaH;PO, at 350 °C in Ar atmosphere.
The authors claim that during polarization, NisP is converted to Ni
oxyhydroxides which were the real active sites for the ammonia
oxidation.

The aforementioned studies on using Ni-based catalysts for AOR
were focused firstly on ammonia assisted hydrogen electrocatalytic
production [81] and secondly on electrochemical remediation of
ammonia-containing wastewater [82].

2.4. Higher oxidation states of nitrogen
The ammonia oxidation may also lead to the creation of nitrites and
nitrates, according to the following reactions (10,11):

NH; +70H™ - NO, ™ +5H,0 + 6e~ (10)

NH; +90H™ = NO;~ + 6H,0 + 8¢~ a1

Beside anionic products, the evolution of gaseous nitrogen oxides
(N30, NO, NO5) may also proceed. According to the nowadays research,
in this process oxidation of intermediate NHy ,4s species (x = 0+-2) occur
[11,33,34,58], e.g.:

Nugs +40H™ > NO,™ +2H,0 + 3¢~ 12)
NH,g +50H = NO, ™ +3H,0 +4e" 13)
NH, 445 +60H™ > NO, ™ +4H,0 + 5S¢~ a4

via hydroxylation steps:

Nags + OH,ge = NOH,44 (15)

NH,gs + OHygs = NHOH s (16)
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NH, 405 + OHags = NH;OH,gq a7

The total dehydrogenation of NH3 was postulated by Koper group
[11,33] to proceed at Pt and by Choueiri et al. [34] at B-Ni(OH),.
However, the latter group found later on that only NH,qs and NHp 445
were hydroxylated at p-NiOOH (with OH/ O vacancies) because the
complete dehydrogenation of NH3 was energetically very demanding
[58]. Therefore, it seems that formation of nitrogen oxides derivatives
undergoes without NH, 545 coupling (Fig. 7). Confirmation can be also
provided by the fact that in the case of electrooxidation of hydrazine,
nitrogen oxides have not been detected.

Though, the oxidation of N5 involving its non-dissociative adsorption
step prior to the charge transfer cannot be outright excluded (eq. 18 and
19) [83]:

0.5N, +40H™ = NO,™ +2H,0+3e” (18)

N, +20H™ -» NO +H,0 +2e" 19

But the oxidation of NH3 to NO and NO3 /NO3 begins at lower po-
tentials (0.727 V and 0.806,/0.876 V vs. RHE, respectively) than the one
for relevant oxidation of N5 (1.678 and 1.52 V/1.246 vs. RHE) as shown
in Table 2. The oxidation potential of Ni*™ to Ni®* is close to the
oxidation potential of water which affects the efficiency of the ammonia
oxidation process (oxygen release) and also may facilitate the formation
of oxygenated compounds of nitrogen.

There are a couple of reports in which concentrations of various
products of AOR were experimentally measured. Shih et al. [84]
observed that ammonia oxidation to NO3 took place at potentials sur-
passing 1.54 V vs. RHE. Moreover, higher potential, and thus higher
current density, resulted in more efficient NH3 removal, more selective
nitrate formation at the expense of nitrogen [59]. Increase in current
density from 0.2 to 2.0 mA/cm? resulted in an increase of the NHg
removal (from ~50% to 98.5%) along with the NO3 selectivity (from
~50% to ~60%) and the suppressed Ng selectivity (from ~50% to
~38%) regardless of the initial NHg concentration (Fig. 8). Higher NHg
concentration (from 50 to 450 mg/dm3) favored N selectivity (from 20
to 60%). By increasing temperature from 20 °C to 40 °C, a decrease of
ammonia oxidation from 96 to 84%, and NO3 formation from 98% to
65% for efficiency and selectivity, respectively, was noticed (electrolyte
0.01 M NagSO4, NHs3 = 50 ppm, pH 11, constant current
density = 1.5 mA/cm?). At the same time, the N selectivity increased
from 2% to 35%. The similar trend was induced by increasing pH of the
solutions (~10% at pH 7.5 and ~ 50% at pH 12). Also, Medvedev et al.
[50] analyzed effect of pH on the AOR selectivity, though, they observed
opposite relation. At pH 11.3, in the potential range of 1.6-1.7 V, N5 was
the main product of the reaction (~50%). In a strongly alkaline envi-
ronment (pH 13), already at a potential of 1.6 V, the evolution of O, was
observed along with the relatively higher amount of NO; at the expense
of No. With the increased potential, the amount of N; released further
decreased in favor of NO3.

For co-deposited Ni and Cu hydroxides, potentials exceeding 1.48 V
vs. RHE led to the formation of mainly NO3 (~82% =+ 98%) as it was
reported by Jiang et al. [64]. Selectivity of the Ny production decreased
from 100% at pH 8 to 62.8% at pH 12, simultaneously the rate of
ammonia removal increased from 6.5% to 60% in 6 h as it was shown for

OH OH OH
NH,... “ho-e . NH,... -Ho-e } T N, ~ - . NOH,,, Tho - NO,,.
o \ OH
-HO-e
NH OHﬂTP NHOH,,.
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the NiCu/BDD electrocatalyst [52]. Promising catalysts, composed of
NiCuCo-S and NiCu-N-C, for efficient NH3 mineralization (~80%
and > 90%) were reported by Wang et al. [66] and Zhang et al. [80]. As
Fig. 9(a) show, addition of Co and S to a NiCu composite inhibited side
reactions, thus the selectivity of N, evolution increased as follows NiCu
< NiCu-S < NiCuCo-S. For comparison, NiCo oxide composites on Ni
foam were prepared by precipitation followed by chemical oxidation or
calcination by Shih et al. [74]. The highest selectivity of Ny formation
(40%) was achieved for the sample at equimolar ratio of Ni and Co
(0.1 M NaySO4 + 50 mg-N/L NHs, pH 9-9.5, Fig. 10).

As presented, the effect of pH on the Ny selectivity still remains
disputable. For the single-metal (Ni)-based electrocatalyst, increase of
the Ny selectivity with pH was observed by Shih et al [59], while Med-
vedev et al. [50] reported the opposite relation. On the other hand, the
double-metal (NiCu)-based electrocatalysts favor N5 formation at lower
pH [52,68].

Analyzing the results described above, the ammonia oxidation on Ni
begins at potentials about 1.3 V and, as published data indicate [62,84],
selective Ny evolution is possible at potentials below 1.55 V vs. RHE.
Exceeding this value leads to the formation of oxygenated forms of ni-
trogen [50]. However, the cyclic voltammetry experiments show steep
increase in the current and we do not see changes in the run of the curve,
e.g., a peak or a wave, reflecting the crucial steps of ammonia oxidation,
i.e. dehydrogenation according to the scheme shown in Fig. 1 and hy-
droxylation shown in Fig. 7. The reason may be the proximity of the
potentials at which the various processes occur [58] or the differences in
the mechanisms of AOR at Ni and Pt. It seems that at low potentials, the
dehydrogenation of ammonia prevails over hydroxylation of NHy ,qs, €.g.
on B-NiOOH with OH/O vacancies potentials of N formation are lower
than that of NO5 formation and equal to 1.12V/0.97 V and 1.29 V/1.17
V vs. RHE, respectively [58]. This issue requires further clarification, in
particular it is necessary to establish the role of water/OH™ or Ni hy-
droxide’ oxygen lattice.

On the other hand, in the case of AOR at Pt, there is an apparent
separation of the potential reflecting oxidation of NH3 to N5 (0.5-0.6 V
vs. RHE) from NH;3 conversion to nitrites and nitrates at higher poten-
tials (oxidation of N,gs to NOy occur at ~1.0 V vs. RHE) [11,33]. At the
onset potential of 0.5-0.6 V, atomic nitrogen adsorbs on the surface of
the catalyst, and undergoes dimerization and desorption (we observe an
increase in current density on the CV curve). The degree of surface
coverage by N4 systematically increases. It is likely, however, that the
rate of N,gs adsorption (and thus the coverage of the blocked surface) is
greater than the rate of the dimerization and Ny desorption. For this
reason, a decrease in current density was observed in the CV curve (e.g,
0.62 V at [11]). Once a competitive reaction occurred, the evolution of
N, was hindered.

2.5. Hydrogen production

Hydrogen production coupled with ammonia oxidation to nitrogen
was reported for electrolytic cells with Pt-based electrodes at cell po-
tentials as low as 0.5-0.6 V [85-87]. In the case of the currently known
Ni-based electrocatalysts it is not possible to produce hydrogen at the
potentials below 1.2-1.3 V [65,66] due to the aforementioned Ni%* to
Ni®* conversion. Latvyte et al. [67] used electrolyzer containing NiCu/

Fig. 7. Postulated mechanism of ammonia oxidation to nitrogen oxides based on the computational data [11,58].
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Fig. 10. Nitrogen selectivity of ammonia electrooxidation analyzed for the
NiCo oxides composites, H denotes oxidation by sodium hypochlorite and C —
calcination (j = 1.5 mA/cm?) [74].

nickel felt anode and commercial NiFeCu cathode separated by an anion
exchange membrane (Fig. 11a). The electrolysis experiments were
conducted at constant currents and the measured voltages were highly
dependent on the concentration of NHs. For 0.3 M and 1.0 M of NHg, the
cell voltage at 200 mA/cm? was 1.90 V and 1.81 V, respectively
(Fig. 11b). A long-term experiment at 100 mA/cm? showed the electrode
maintained a stable ammonia oxidation rate (0.011 M/h) and high

Faradaic efficiencies of >85% for at least 50 h at 20 °C. Apart from Ng
(total selectivity was 85.8%), the gas mixture evolved on the anode also
contained O5 (4.3%), Hy (2.8%) and nitrous oxide (0.1%). Moreover, the
nitrite and nitrate were also detected (2.3% for NO3 and 11.9% for
NO3). On the cathode hydrogen with purity of 99.6% was evolved.

There are other publications (a few) which titles read the studies
were devoted to the ammonia electrolysis, but the texts lack data on the
operation of the electrolytic cell i.e., the amount and composition of the
gases evolved, the efficiency of electrolysis, etc. They focus mainly on
the oxidation reaction of NHs. In this regard, more research is needed to
elucidate the relationship between N5 evolution or its further oxidation
and Hy production.

3. Conclusions

It is expected that breakthrough in the ammonia oxidation will be
beneficial for energy conversion, its storage, electrochemical sensing,
and wastewater treatment.

Ammonia is a carbon-free energy carrier, therefore could be used as
on-board fuel for a vehicle using direct or indirect ammonia cells.
Hydrogen necessary for indirect fuel cells can be produced by thermal
decomposition NH3 or its electrolysis in an aqueous solution with
simultaneous release of nitrogen. The volumetric Hy density in liquid
ammonia is 12.1 kg/100 dm® (0.1 MPa, -33 °C), which is 1.7 times
higher than that of liquid Hy (7.08 kg/100 dm3, 0.1 MPa, -253 °C). The
electrolytic decomposition of ammonia requires less energy input (AG
= 17.4 kJ/mol) than the electrolytic decomposition of water (AG


http://mostwiedzy.pl

Downloaded from mostwiedzy.pl

A\ MOST

J. tuczak and M. Lieder

Membrane

H,O0 )
Cathode

Anode

Advances in Colloid and Interface Science 319 (2023) 102963

—a—(0M
—e—0.1M

o

Cell Voltage /V =
[ ~ N

0 50 100 150 200

[ /mA cm™

Fig. 11. (a) Electrolytic cell used by Latvyte et al. [67] for NHj o4 electrolysis; (b) cell voltage dependence on the concentration of ammonia in the KOH electrolyte,

recorded at 20 °C.

= 237.3 kJ/mol).

The development of ammonia electrooxidation technology is hin-
dered by the lack of efficient, cheap, and durable catalysts. The state-of-
the-art catalysts for this process are still the traditional noble metals,
such as Pt, Ir, and Ru, with prohibitive cost, low natural abundance, and
proneness to poisoning, which are undesirable for sustainable energy-
related applications in the future. Therefore, current studies are
focused on the development of novel, low cost, and durable nickel-based
catalysts, mainly oxides/hydroxides. As a result of the electrochemical
processing, the surface reconstruction of Ni oxides and hydroxides takes
place with the formation of NiOOH, which is believed to be the real
center for the catalytic oxidation of ammonia. The potential at which
this transformation occurs is 1.30-1.35 V vs. RHE, thus considering
E}u,/n, = —0.097 V the overpotential of AOR is ca. 1.4 V. Studies show

that oxygen is not yet released at this potential, although the onset po-
tential of the water oxidation reaction is only 0.2-0.3 V higher. This has
two consequences. One is a reduction in energy yield, and the other is
the formation of noxious oxygenated forms of nitrogen.

Up to date conducted research are realized in the following
directions:

(i) production of Ni(OH), from Ni itself (electrochemical oxidation of
the Ni surface by the long-term cyclic voltammetry) or chemical coating
of various substrates with Ni oxides/hydroxides,

(i) modification of Ni-based materials with:

o free metals (e.g. Cu, Pd, Ag),
e nonmetals (e.g. S, P),
e metal’s oxides/hydroxides (e.g CuO, Co203).

The onset potential of the ammonia oxidation on the Ni(OH)y/
NiOOH redox couple without dopants was shown to be ~1.3-1.4 V vs.
RHE. During the ammonia oxidation process NiOOH is reversibly
reduced to Ni(OH),. The systems composed of Ni(OH), with embedded
Cu in various oxidation states seems to be most promising. An increase
in the current density (from ~20 to ~90 mA/cm? at 1.5-1.6 V ys. RHE)
was obtained. Unfortunately, catalytic activity of Cu on its own has not
been proved yet, what hinders elucidation of its mode of action. The
experimental or theoretical evidence for the potential catalytic activity
of Cu(II) and Cu(I) are also still scarce and needs further studies.

The mechanism of ammonia oxidation on Ni is very poorly under-
stood. Typically, researchers assume that the reaction proceeds analo-
gously to that on Pt. However, the poisoning of the Ni surface due to
adsorption of N atoms was not reported. At potentials higher than 1.5V
an unacceptable, from the environmental point of view, low selectivity
of N, formation was revealed. A further drop of the Ny selectivity was
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detected at even higher anodic potentials. Most authors tend to conclude
that AOR on Ni follows the Gerischer-Maurer mechanism. However,
recent studies show that the formation of oxidized forms of nitrogen is
due to hydroxylation of NHy,.4s (x = 0+2) formed at all stages of
dehydrogenation of NH3. This means that the dimerization of NHy 445
(x = 1+2) leading to the release of Ny could run in parallel with the
formation of oxidized forms of nitrogen.

4. Future perspectives
Challenges for future research:
(i) increasing the selectivity of the ammonia oxidation to Ny;

This could be achieved by the directing the reaction pathway to-
wards the formation of NHyx-NHy,a4s (the G-M mechanism), because it
was shown in many reports that hydrazine electrooxidation undergoes
with 100% selectivity.

(ii) lowering the overpotential of the ammonia oxidation reaction
(thermodynamic parameter), which involves increasing the en-
ergy yield;

The binding energy of the hydrogen atom with the catalytic center
(electron coupled proton transfer) should be higher than the energy of
the H—N bonding.

(iii) increase in catalytic activity (kinetic parameter) enabling pro-
duction of hydrogen similarly to that in conventional water
oxidation process

It seems that increasing the level of technological readiness of AOR
will be possible provided 200 mA/cm? current densities are achieved
(lower current limit of the commercial electrolysis) at electrolysis volt-
ages not exceeding the ones sufficient for water oxidation and formation
of oxygenated forms nitrogen. Typical alkaline electrolyzes operate at
65-100 °C. At a similar temperature range, it is not possible to obtain the
comparable hydrogen yields due to the limited solubility of ammonia in
water (Table 3). Solubility of NH3 in 100 g water at 20 °C, 30 °C, 40 °C
and 50 °Cis 54.5 g, 41.6 g, 31.5 g, 23.5 g, 16.7 g, respectively.

(iv) increasing the stability of the catalyst

It would be necessary to achieve such a modification of the elec-
trocatalysts, for which the reversible conversion of the a-Ni(OH), form
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Table 3

Approximate hydrogen yield (kg H,/100kg solution) of ammonia aqueous so-
lution electrolysis at various temperatures regarding solubility of ammonia in
water.

20°C 30°C 40 °C 50 °C 60 °C
kg H/100 kg solution
NHj3 solution 6.2 5.2 4.2 3.4 2.5
H,0 10

to y-NiOOH is maintained while blocking the conversion to  phases.
The transformations of a-Ni(OH)2 into B-Ni(OH), and p-NiOOH to
v-NiOOH are associated with the transport of water and ions, which may
hinder access of ammonia molecules to the active sites.

Research problems to be solved:

(i) Activity od the oxyhydroxide active layer on the Ni electrode
could be hindered by adsorbed N and NOy. There are no data on
the adsorption energy of NHy, N, NOx on the Ni surface covered
with (hydro)oxides.

NiOOH layer as a semiconductor inhibits swift charge transfer
across the interface, therefore its conductivity should be
improved by converting the layer into composite by depositing
conductive nanoadditives like copper, graphene etc.

Ni-based catalysts should be endowed to not catalyze oxygen
evolution to increase current efficiency of ammonia oxidation.
It is necessary to establish the mechanism and parameters which
determine the formation of NOy, NO5 or NO3 to maximize the
selectivity of Ny evolution. Due to low Ny selectivity, nitrogen
oxoanions may accumulate in the solution on prolonged elec-
trolysis that is why its influence on the Ni oxides activity might be
detrimental. This issue must be clarified.
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