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Direct electrocatalytic oxidation of ammonia was carried out using an open-pore structured nickel
foam electrode via electrochemical formation of Ni(OH),/NiOOH nano-flowers (theophrastite phase)
on the nickel substrate at specific overpotentials. The electrode surface was analyzed by X-ray
diffraction (XRD), scanning electron microscope (SEM), Raman spectrometer (RS), and X-ray
photoelectron spectroscopy (XPS). Cyclic voltammograms gave information on the nature of electron
transfer between nitrogen species and nickel foam electrode and revealed the potential dependence
nature of ammonia oxidation over the potential window of +0.7 V to +0.85 V (vs. Hg/HgO). Batch
controlled potential experiments using nickel foam as the working anode in a three-electrode system
were conducted to study the oxidation of ammonia in solution containing 0.1 M of Na;SO4 electrolyte,
at pH 11 and temperature of 25 °C. Based on the current efficiency and reaction kinetics, it was possible
to establish the mechanism of selective ammonia conversion to gaseous nitrogen and nitrate.

© 2018 Elsevier Ltd. All rights reserved.

1. Introduction

Nitrogen cycle consists multiple steps of biologically mediated
transformation of nitrogenous species, which control the
availability of nutrients and subsequently affect the primary pro-
ductivity of aquatic systems [1]. Inorganic nitrogen in forms of
nitrate, nitrite, and ammonium are commonly available for
microbial assimilation. Nitrate, readily bio-assimilable after
sequentially reduced to nitrite and ammonium, is a nitrogen
species commonly preferred by phytoplanktons [2]. Excessive
nutrients, including phosphates, carbon, and nitrogen, may result
in algal blooms (eutrophication) in freshwater as well as marine
environments. Wastewater discharge from human activities,
including agriculture, landfill, pharmacy, dyeing and photoelectric
industries impacts the aquatic nitrogen cycle, thereby prompts the
Urban Waste Water Directive (92/271/EEC) of the European Water
Framework Directive (2000/60/EC) call for a discharge limit of
10 ppm-N in ecologically sensitive areas [3].

Breakpoint of chlorination or electrochlorination can eliminate
ammonia from wastewaters by controlling the distribution
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between free chlorine and ammonia and pH [4]. However,
chlorine-based chemicals potentially react with ammonia nitro-
gen to form chloramines and halogenated byproducts, which
are highly toxic toward humans. Anammox™ is a microbially
mediated process by which the bacterial phylum Planctomycetes
directly convert nitrite and ammonium to nitrogen gas [5].
Although Anammox™ is effective in treating ammonium-rich
wastewaters, it requires large land space and long process time
compared to chemical methods, such as electrochemical ammonia
oxidation [6,7]. Early interest in ammonia oxidation was focused
on improving the process efficiency of selective catalysis reduc-
tion (SCR) units in minimizing ammonia slip. There were exten-
sive studies on the oxidation of ammonia by oxygen in gas phase
over metallic catalysts, namely, Pt, Rh, and Pd [8] and metal oxides
such as CuO/TiO [9], NiO/Al,03 [10,11], CuO/Al;03 [12—14] and
CuO/Fe,03 [15—18]. High percent nitrogen selectivity was
achievable at temperature in the range of 200—300 °C. There are
many studies on ammonia fuel cells using single-crystal Pt or Pt-
based alloys as electrodes [19—22]. By contrast, there is little
systematic study on electrochemical ammonia oxidation for the
control of nitrogen nutrients in natural water, especially using
low-cost and effective electrodes synthesized from non-noble
metal oxides.
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Metallic nickel is widely used in rechargeable alkaline batteries
(Ni/Cd, Ni/Hy, Ni/Zn) and supercapacitors [23,24]. Eq. (1) shows
the oxidation of Ni(0) to yield nickel hydroxide, Ni(OH),, at a
specific pH and free electron activity, i.e. pe. (Fig. S1 shows the
distribution of Ni species at oxidation state of 0, II, IIl, and IV as a
function of pH-pe.).

Ni(OH)ys) + 2e~ = Ni(0) + OH"; E®=—0.215 V (vs. NHE) 1)

Further oxidation of Ni(OH),(s) yields nickel oxyhydroxide,
NiOOHs), a black-colored compound as shown in Eq. (2),

-
NiOOH(s) + e~ +H0 "= * Ni(OH)y5) + OH; E°

= 0.49 V (vs. NHE) 2)

In the last decade studies on the ammonia oxidation over
Ni(OH)2/NiOOH electrode was focused on the preparation of
Ni(OH), thin films for energy applications [25—28]. To the best of
our knowledge, there is little investigation on the feasibility of Ni
metal supported NiOOH film for the electrochemical treatment of
ammonia containing wastewaters. The aim of this work was to
study the oxidation of ammonia toward nitrogen selectivity in
alkaline solutions over nickel foam electrode. The distribution of
intermediate nitrogen species, ammonia removal efficiency and
nitrogen selectivity were assessed under constant potential. Cyclic
voltammetry was used to determine the reaction steps and number
of electron transferred at the electrode-water interface. The elec-
trode surface, namely, nickel oxides, was characterized in the
absence and presence of NH3 by X-ray diffraction (XRD), scanning
electron microscope (SEM), Raman spectroscopy (RM), and X-ray
photoelectron spectrometer (XPS).

2. Material and method
2.1. Chemicals

The ammonia solution was prepared by dissolving a given
amount of ammonium sulfate, (NH4),SO4 (J.T. Baker, USA), in
a given volume of deionized water. The supporting electrolyte
was prepared by sodium sulfate (NapSO4, Sigma-Aldrich Co.,
USA), conditioned to a specific pH using sodium hydroxide
(NaOH, Merck KGaA, Germany) and sulfuric acid (H2SOg4, 95%,
Sigma-Aldrich Co., USA). Chemicals for the analysis of
electrochemical intermediates including sodium nitrite (NaNO5),
sodium hypochlorite (NaClO), N-(1-Naphthyl) ethylenediamine
dihydrochloride  (C;0H7NHCH;CH,;NH,-2HCl),  sulfanilamide
(H2NCgH4SO,2NH,), and sodium phenoxide (NaOCgHs-3H,0) were
purchased from Sigma-Aldrich Co., USA; potassium nitrate (KNO3)
and sodium nitroprusside (Nay[Fe(CN)s;NO]) were purchased from
Riedel-deHaén AG, Germany; ethylenediaminetetraacetic acid
disodium salt dihydrate (Ci0H14N2NayOg-2H,0, EDTA-Na;y) was
purchased from U&I Bio-Tech, Inc., USA. All reagents were of
analytical grade and used without further purification. The
deionized water purified with a laboratory-grade RO-ultrapure
water system (resistivity >18.18 MQ cm) was used to prepare all
solutions.

2.2. Experimental procedure

Electrochemical cells were powered by a potentostat (CHI611C,
CH Instruments, Inc., USA). The working electrode was a nickel
foam (thickness = 2 mm, area density ~250 g m~2, mesh = 94 + 10,
Innovation Materials Co., Ltd., Taiwan). The counter electrode was
an iridium oxide-coated titanium (Ti/IrO;) plate, cut into the same

dimension as the working electrode; the reference electrode was
Hg/HgO/1 M NaOH (E°=0.14V vs. NHE) (RE-61AP, ALS Co. Ltd.,
JAPAN). The voltammetric response was recorded by sweeping
over a specific potential range at specific rate (v, V s~!). Prior to
experiments, the nickel foam was degreased with acetone (99.5%),
acid-etched in 3M of HySO4 for 10 min and then rinsed with
deionized water in an ultrasonic bath. Batch ammonia oxidation
(20 ppm NH3-N) experiments were conducted under constant po-
tential (amperometry) mode at pH 11 and 25°C. The dimension
(submerged in electrolyte) of the nickel anode, cylinder in shape,
was 3cm in diameter and 3.5cm in length. A cahode, Ti/IrO;
cylinder with 1 cm in diameter and 3.5cm in length was placed
concentrically inside r of the cylindrical anode, yielding an average
electrode-to-electrode spacing of 1cm (the configuration of
electrochemical cell is provided in Fig. S2).

2.3. Chemical analysis

A flow injection analyzer (FIA, Lachat's Quik Chem 8500 Series
2, USA) was used to analyzing the concentration of aqueous
nitrogen species (NH3-N, NO3-N, NO2-N). Ammonia was
analyzed by the indophenol method (at 630 nm) based on the
Berthelot reaction, a catalytic reaction among phenolate,
hypochlorite, and ammonia, with nitroprusside as the catalyst
[29]. The total oxidized nitrogen (NOx) was determined by
reducing nitrate to nitrite (in a copperized cadmium column)
prior to a diazotization of nitrite with sulfanilamide followed by
coupling with N-(1-naphthyl)-ethylenediamine dihydrochloride
(NED). Concentration of the pink azo dye produced was then
calibrated spectrophotometrically at 540 nm [30] against stan-
dard solutions. Nitrate concentration was the difference between
total NOy and nitrite, which was determined separately. The limit
of detection was 0.2 pg/L for NH3-N, and 0.25 pg/L for NO3-N and
NO3-N.

The chemical state of the nickel foam electrode was examined
by X-ray photoelectron spectroscopy (XPS, PHI 5000 VersaProbe,
PHYSICAL ELECTRONICS, INC., USA) with a monochromatic Al Ka
X-ray source (1487 eV). A scanning electron microscopy (SEM,
JSM-6700F, JEOL Ltd., Japan) was used to observe the micro-
morphology of the nickel foam electrode. The crystallographic
structure was analyzed by X-ray diffraction (XRD, DX III, Rigaku
Co., Japan) operated with Cu Ka source (A = 1.5406 A) at a scan rate
of 0.06°/s in the incidence angle range of 20—85° (26#). Raman
spectra were obtained using a DXR™ microscope (Thermo Fisher
Scientific Inc., USA).

3. Results and discussion

3.1. Electrochemical analysis of nickel foam in the presence of
ammonia

Fig. 1 shows the polarization curves (log i - E) in the
potential range where metallic nickel oxidation (corrosion) and
Ni(OH),/NiOOH transformation occurred. The Tafel slope was
computed from the log I versus E (CV) curve (i.e., potentiodynamic
method) at scan rate of 0.5mV/s (geometric area=1 x 2.5 cm?,
[Na;S04] =01M as supporting electrolyte). This electrolyte
concentration is able to maintain constant conductivity necessary
for operating the whole electrode system while minimizing
other side effects, such as redox reaction of background electro-
lyte species and gas evolution, i.e., O, at anode and Hj at cathode.
The sulfate ion is inert to participating at other faradaic reactions,
such as cathodic deoxygenation (E°=-0.4V) [31] under
the selected analytical potential range, which is mainly for
the chemical oxidation of ammonia. We have reported the
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Fig. 1. Dependence of log i-E curves on ammonia concentration (nickel foam elec-
trode =1 x 2.5 cm?, 0.1 M Na,SO,, pH 11) at potential ranges for (a) metallic corrosion
and hydrogen evolution and (b) formation of nickel hydroxide and oxyhydroxide.

formation of oxide layer on metallic nickel surface at pH> 9.0
previously [32]. Since the acidity constant of NH4/NH3 equilib-

rium is 1

0—9.25

, a pH of 11 was selected for studying the electro-

catalytic oxidation of ammonia. The electrochemical oxidization

(or corrosion) of nickel metal typically followed the following half
reactions [33],
For anodic oxide film formation:

Ni(0) + 2xOH™ — NiOys) + xH20 + 2xe™ (0<x< 1) (4)
For cathodic hydrogen evolution:
2Hy0 + 2e” — Hyg) + 20H™ (5)

As shown in Fig. 1a, the open circuit potential (i.e., E°) was
ca. —260 mV and the Tafel plots were not affected by the presence
of ammonia (at 10~3 and 10~2 M). Obviously, ammonia did not
participate at any electrochemical reactions in the potential range
studied when the oxidation of Ni to nickel oxide occurred. On the
other hand, Ni foam exhibited two identical Tafel slopes of 205.9
and 210.3 mV/dec at +0.58 and +0.73 V, respectively (Fig. 1b),
which could be attributed to the formation of oxyhydroxide
phases [34]. The polymorphisms of a- and B- Ni(OH)ys) were
transformed to Y-NiOOH(y and B-NiOOH(), respectively.
Furthermore, B-NiOOH(s) was transformed to y-NiOOH(5) when
the electrode was overcharged (Bode cycle) [35]. According to
Nernst equation, E=E° + 0.059 x pOH — E(ng/hgo) (E(Hg/
Hgo)=0.14Vat 0.1 M NaOH, the equilibrium potential of nickel
hydroxide reduction to oxyhydroxide would be 527 mV at pH 11),
which was close to the experimental value of 580 mV, indicating
an overpotential of 53 mV. In the presence of 3 mM of ammonia,
the Tafel slope for the formation of oxyhydroxide was 89.7 mV/
dec. It was noted that the Tafel b value (b=2.303/(1-a)nf) in
the presence of ammonia was about half that of without ammonia,
which implied that the number of electron involved in
oxyhydroxide formation was doubled in the presence of ammonia.

Fig. 2 shows the CV curves obtained by sweeping at —0.5V to a
positive range of +0.4 V to +1.2 V. In the absence of ammonia
(Fig. 2a), the faradaic reaction, peak O, occurred at the onset
potential of +0.65 V, which was corresponding to a reversible
reduction peak R;. Gradually increasing the upper-potential
limit to the onset of peak O, (+0.85 V) brought a R, shoulder.
The 01/R;y and O3/R; reversible reactions was due to the
polarization of y- and B-NiOOHgs). The total charge for a.-Ni(OH)y(s)
to y-NiOOH(s) was higher than that of B-Ni(OH)ys) to f-NiOOHs).
Furthermore a-Ni(OH)y(s) had better electrochemical reversibility
than B-Ni(OH)y(s), per the smaller difference between Egq and Eg,

| | | | | | |
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0 200 400 600 800 1000 1200
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Fig. 2. Cyclic voltammograms recorded at Ni foam (1 x 2.5 cm?) electrode in the presence of (a) 0 M and (b) 0.003 M ammonia using an inert electrolyte of 0.1 M Na,SO, (pH 11). CVs
differ by the upper-potential limit, started from —0.5 V to +0.4~+1.2 V (potential interval = 50 mV, scan rate = 10 mV-s ).
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[36]. Based on results in Fig. 2a, it is possible to establish the
following phase transition reactions:

>-026V
Ni’ —> NiOy— a-Ni(OH),~ B-Ni(OH),
ot R 0:[f R, (©6)
y-NiOOH < B-NiOOH

(overcharge)

With the addition of 3 mM of ammonia (Fig. 2b), the current at
peak O; and O, increased significantly. An additional Ry* peak
appeared, that is, a split from Ry, when the potential was negatively
scanned, which indicated the presence of a different reducible
species overlapping with oxyhydroxide when the upper-potential

was elevated to +0.7 V. In other words, the first electron transfer
step between Ni foam and ammonia was chemically reversible, and
the increment in current at peaks O; and O was attributable to
direct oxidation of ammonia-nitrogen.

Fig. 3 shows the CV-curve of the Ni foam electrode in the
absence and presence of 3 mM of NHj3, in 0.1 M of Na,SO4 elec-
trolyte at pH 11. A remarkable shoulder in the range of +0.3
to +0.6 V appeared, attributing to the charging of the double-layer
capacitance of nickel hydroxide [37]. The double-layer charging
occurs regardless of if the potential is sufficient to induce faradaic
reactions or not; whereas highly porous electrode materials such
as activated carbon [38] strongly magnify the double-layer
capacitance. However, in the present work, the charging current
exhibited by the nickel foam electrode below +0.6 V vs. Hg/HgO
(without any redox reaction) is small, <60 pA (Fig. 1b). Therefore,
nickel foam electrode can be considered a material with a low
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Fig. 3. Voltammograms for the Ni foam electrode (1 x 2.5 cm?) within electrolytes (pH 11) of (a) 0.1 M Na,SOy4 and (b) 0.1 M Na,SO, + 0.003 M NHs, recorded at scan rates from 10 to
100 mV-s~. (c) Net currents of NH; oxidation obtained by subtracting CVs free of NH; from that in 0.003 M NHs. (d) Deconvolution of NHs current profile and the fitting result (50 mV-s ).
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double-layer capacitance. When the potential increased to
above +0.65 V, peak currents at O and O, were increased with
the scan rate. In inert electrolyte (Fig. 3a), the electrochemical
process of a nickel hydroxide electrode has proven to be limited by
solid-state intercalation through the lattice, thus diminishing the
concentration polarization of proton during charge/discharge
[39]. According to the Nicholson and Shain equation and based
on peak current, I, as a function of scan rate, v, the diffusivity
coefficient of proton in the hydroxide film of the Ni foam electrode
was calculated to be 5.52 x 10~ 12 cm?-s~!, which was comparable
with those of powder-type nickel hydroxide electrodes reported
in the literature [40,41]. Relevant variables related to O peak
in Fig. 3a were listed in Fig. S3. The peaks corresponding to
Ni(OH)y(s) oxidation and NiOOHs) reduction were broadened
upon the addition of 3 mM of NH3 (Fig. 3b). The corresponding E,
values were much pronouncedly shifted from low to high v.
Results suggested a decrease in the reversibility of the nickel hy-
droxide mediated nitrogen redox couples and consecutive
multistep charge transfers occurring over the electrical double
layer at the vicinity of the electrode [42]. Subtracting the corre-
sponding result of Fig. 3a from Fig. 3b gives the net current for the
redox reaction of NHs and intermediate nitrogen species as a
function of v (Fig. 3c). Results in Fig. 3¢ were used to analyze the
multiple anodic processes by deconvolution of current profile in
the potential window of +0.7 to +1.4 V using an Origin Pro.
Software. Results in Fig. 3d show that the nickel electrode scanned
at 50 mV/s had four distinct anodic peaks at 0.796, 0.895, 1.087,
and 1.34 V, respectively. Voltammetric experiments were then
conducted at different ammonia concentrations as at different
sweeping rates. Apparently, the current at potential scanned
larger than +0.6 V can be mainly attributed to ammonia oxidation
since the faradaic current is a function of ammonia concentration
as shown in Fig. S4; capacitance current contributed from Ni foam
substrate is negligible, which also has been observed by Chen et al.
[43]. Fig. 4a shows the an, value of the four peaks as a function of
sweeping rate at different NH3 concentrations. Results indicated
that the E, value was in the following deceasing order:
Ep1>Ep2 > Epg~Ep3. This implied that ammonia oxidation
occurred initially in two fast steps followed by two slow steps.
That is, intermediates in each of the four-electron transfers had
larger oxidation number (i.e., more oxidative) as the anodic po-
tential was increased. In addition, the moderately scattered any,
values indicated that the peak shape would vary with v and
ammonia concentration. (Fig. S5 shows details of the deconvo-
luted peaks.). Fig. 4b gives the plot of I, versus (v x an,)'/2, which
slope was concentration-dependent according to the Nicholson
and Shain relation (Fig. 4c). Table 1 shows that the electron
number transferred at Epy, Epp, Ep3, and Epg was ca. 1, 3, 2, and 2,
respectively (based on the average geometric area, A, of around
3.5cm?); that is, approximately a total of eight electrons were
transferred in the complete oxidation of ammonia when voltage
sweeping (at pH 11) was up to +1.4 V.

Based on the above results, it is possible to propose a general
scheme for ammonia oxidation with stepwise dehydrogenation,
which electrocatalytically generated NHy, and ultimately surface
atomic nitrogen species, Na(ads) [44], that is,

NH3(aq) = NH3(ags) (adsorption of aqueous ammonia) (7)

NH3(ags) + OH™ — NHy(ags) + H20 + (3 — x)e™ (oxidation of
adsorbed ammonia to ammonia hydrides) (8)

The recombination of surface NHy species formed N-N bondi.e.
bimolecular nitrogen species such as hydrazine, was the primary
step to evolve No.
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Fig. 4. (a) Effect of NH3 concentration on the transfer coefficient as a function of scan
rate. (b) Simple linear regression of peak currents vs. (v x an,)"? ([NHs] = 0.003 M). (c)
Slopes of peak currents vs. (v x an,)"/? for peak potentials of Ep1 to Epg from various
ammonia concentrations.

NHa(ads) + NHx(ads) = NaHy(ads) (x=1,2,y=3, 4) 9)
N2Hy(ads) + YOH™ — Na(ads) + YH20 + ye™ (10)

At low overpotentials, the first electron from Ep; may
be assigned to the dehydrogenation of NH3 (Eq. (8)), followed
by the instantaneous recombination of NHy(ds) and the second
step of electrons transfer from Ep; (Eq. (10)). On the other hand, a
side reaction from oxidation of adsorbed NHy(ads) may yield N(ads):
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Table 1
Electrochemical variables computed from anodic currents in the presence of
ammonia.

Epi Ep Eps Eps
*Ep, mV 796 895 1087 1340
bany, 0.7 0.5 0.38 0.4
‘m 4259 13144 9325 10075
n 1 3.1 22 23

4 Data from CV in 3 mM NHs swept at 50 mV/s.
b Average values of transfer coefficient.
© Slope of Iy/(v x an,)"? against Cy in Fig. 4c.

NHa(ads) + 20H™ — Niads) + 2H,0 + 2~ (11)

Thus, E,» was seen as a single peak with a peak current between
that of N (Eq. (10)) and Nags) (Eq. (11)), further oxidation of N(ads)
to NOy occurred from Ep3 onwards. At higher overpotentials, NO
oxidized to nitrite and nitrate in alkaline solution [45]. As a whole,
the electrochemical oxidation of ammonia over Ni foam electrode
took place from ca. 0.6—0.8 V vs. Hg/HgO leading to the formation
of a monolayer of NHy as the key precursor of N,. The selectivity
gradually shifted toward the oxidation of the incipient N(ags) and
nitro-oxides at potential > 0.8 V vs. Hg/HgO.

Element | Weight% Atomic%

Ni L 98.22
PtM 1.78

Totals

0

3.2. Electrode characterization with respect to electrocatalytic
ammonia oxidation

Fig. 5a shows SEM micrograph of the blank Ni foam with vivid
3D open pores, mainly of pentagonal shape and 50—250 pm in
size. Under higher magnification, the interconnected structures
have a smooth surface before any treatment. The morphology of
Ni foam electrode significantly was altered after 100 cycles of CV
scans in the range of —0.5 to +1.2 V (50 mV-s~!, 0.1 M Na»SOy at
pH 11); the rougher surfaces and edges (Fig. 5b), visualized as
black spots on the electrode, were made of numerous nano-
flowers (Fig. 5c). Fig. S7 shows results of repeating CV scans as
to demonstrate the stability of the nickel foam electrode. Obvi-
ously, the shape of redox profile of Ni hydroxide is not altered, at
least in 100 cycles. As a matter of fact, the current gradually im-
proves with extended scan cycle because of the increase in the
thickness of oxide film. The length of the coated nano-flowers
was ca. 50—100 nm. Fig. 5d presents XRD patterns of Ni foam
before and after electrochemical treatment. Ni foam exhibited
a pure metallic nickel with diffraction peaks of (111), (200),
and (220) planes at 26 of 44.8°, 52.2°, and 76.8°, respectively.
After CV scanning, the surface coated oxide film on the electrode
was mostly a typical B-Ni(OH)ys) mixed with minor signals of
NiO(s)/NiOOHgsy phases. As shown in Fig. 6, Raman spectra of Ni
foam sample revealed two peaks at ca. 50 and 612 cm™! after
repeating cycles of scanning from +0.2 to +0.6 V, which was
correlated with Ni-OH and Ni-O stretching vibrations,

@® Ni(OH); ® NIONIOOH (40-1179)
(Theophrastite, 14-0117)
O Ni (04-0850) (d)

1 1 1 1 1 1 1 1 1

10 20 30 40 50 60 70 80 90
26,°

Fig. 5. SEM images of Ni foam (a) before and after CV scanning at —0.5 to +1.2 V (vs. Hg/HgO) for 100 cycles at magnifications of (b) 250x and (c) 30,000x. (d) XRD patterns of Ni

foam, and that with electrochemical treatment.
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Fig. 6. Raman spectra of Ni foam electrode before and after CV scanning for 100 cycles
in ranges of (a) +0.2 V to +0.6 V and +0.4 V to +0.8 V in the (b) absence and (c)
presence of 0.01 M NH; (50 mV/s, pH 11, 0.1 M Na,SO4 supporting electrolyte).

respectively [46], indicating the formation of Ni(OH)ys). The
remarkable increase in intensities of these bands that shifted to
475 and 561 cm~! as the potential was raised to +0.4 to +0.8 V,
revealed the accumulation of a deeper layer of NiOOH(s), as well as

the transformation of «/y to B/p phases. In the ammonia solution,
the additional vyj.o vibration at 500 cm~! implied that the B phase
was highly defective. The oxyhydroxde film mediated electron
transfer between the electrode and the nitrogen species over the
double layer region, but it practically might take part in the redox
of ammonia, which was similar to the oxygen evolution reaction
(OER) [47]. For ammonia oxidation, we visualize the flowing steps:

Ni"0-OH + NH; —Ni"0 — NHyqq) + HoO (13)

2Ni"0-NHy4q5) — 2Ni"0-NyHy g5, (14)

2Ni"0-NyHyags) + 60H™ —2Ni""0-OH + N 1 + 4H,0 + 6e~
(15)

Such protonic defect by donating the first electron of NH3 to NH»
(Eq. (13)) is a major step responsible for the crystal distortion
during charging/discharging of a Ni electrode. The high degree of
disorder demonstrated the appearance of the band at 329 cm™!
[48].

Fig. 7a presents XPS spectra of the Ni 2p3;; bands and their
satellites, which allow the determination of oxidation state on the
surface of metallic substrate, for the as-received foam and CV
scanned samples. The Ni metal peak at 852.3 eV was within the
reported literature value of 852.7+0.4 eV for Ni® [49]. Some binding
energies (BE) at 853.7 and 855.7 eV ascribed to NiO suggested a
partial oxidation of Ni metal upon exposing to the atmosphere.
After voltammetry, the intensity of Ni® obviously declined and
those of Ni"™ in forms of Ni(OH)y(s) and NiOOHs), at 854.9 eV and
856 eV, respectively, increased [50]. When sweeping the potential
between +0.4 and +0.8 V in the presence of 10 mM of NH3 (Fig. 7b),
NiO (853.6 eV) predominated the BE of Ni'. This was in agreement
with that the prediction of deprotonic behavior of oxyhydroxide
based on Raman analysis (Eq. (15)). At the highest potentials
(i.e., +0.6 V to +1.0 V), the absence of surface Ni® was resulted
entirely from the coating of Ni(OH)(s). Meanwhile, the mass ratio of
Ni(OH)y(s) to NiOOH(sy was reduced by the presence of ammonia,

(a)

Intensity, a.u.

(b)

Ni 2p3/,

NiOOH
Satellite

0.6-1.0V

Ni(OH),

870 865 860 855 850
B.E., eV

870 865 860 855 850
B.E., eV

Fig. 7. Ni 2p3); of Ni foam and the CV scanned samples (50 mV/s for 100 cycles, pH 11, 0.1 M Na,S0O4) (a) without and (b) with 10 mM NHs.
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Fig. 8. Concentration changes of nitrogen species (a) NHs-N, (b) NO,-N, (¢) NOs-N, and (d) N,-N at constant potentials of 0.7—0.85V (vs. Hg/HgO) as a function of reaction time, and
those fitted by the proposed kinetics during electrolytic oxidation of ammonia (initial [NH3-N] = 20 ppm, effective area of working electrode = 40 cm?, pH 11, 0.1 M Na,SOy4 electrolyte).

namely NH3, and its intermediates played a role of discharging the
oxyhydroxide.

3.3. Batch experiments of ammonia oxidation on Ni foam electrode

The electrochemical oxidation of ammonia on Ni foam occurred
at the potential when Ni(OH)y(s) was oxidized to NiOOHs), which
mediated the NH3(aqs)/NHy(ags) redox couple at 0.65—0.7 V (vs. Hg/
HgO, Figs. 2b and 3d). The pH was remained at 11 to make sure that
NHs was the dominant species. During electrolysis, the surface
oxidation of nickel consumes OH™ and the ammonia oxidation
basically occurs via electrochemical deprotonation, which tends to
decrease the solution pH value. Therefore, NaOH addition adjusted
the solution pH to 11 after each sampling. To elucidate the effect of
working potential on the selectivity of NHy(ads) 0Xidation to nitro-
gen gas or nitrogen-oxygen compounds, batch experiments were
performed by the oxidation of ammonia at controlled potential. We
monitored the temporary concentration of NHs and the stable
byproducts, namely, NO3 and NO3, while that of N, was computed
via mass-balance, as shown in Fig. 8. Increased the potential from
0.7 to 0.85V, the removal efficiency of NH3-N increased from 42 to
98% in 6 h (Fig. 8a). The oxidation of ammonia to the gaseous N,
took place at 0.7 V, whereas nitrate emerged at potential >0.75 V.
Note that the production of nitrite was insignificant (<2.5%), though
it was increased during the first hour then decreased as the reaction
time was prolonged (Fig. 8b) due to the significant conversion of
nitrite to nitrate at 0.8 and 0.85V (Fig. 8c). The yield of N»-N
reached the highest value of 44.5% at 0.75 V and decreased to 21.3%
at 0.85V (Fig. 8d), as expected by the sequence of electron transfer
steps. On the basis of voltammetric observation, the recombination
and dehydrogenation of NHyds) were brought by two parallel
steps, that is, the adsorption of N atom followed by N; evolution. At
oxidative overpotentials higher than 0.75V, the formation of
oxygen-containing compounds gradually dominated the selectivity
to NO3 N. We visualize the following scheme as the overall mech-
anism of ammonia oxidation on the Ni foam electrode:

<0.75V ; >0.75V
KI 2 k@ k7 /Cg
NHsag ¢ NHsey = NHaeay =Ny = NOy a9 —> NOsay)
Tk I Ky I Ko (16)
N2H4(ad>) NOQ'(aq) NO3'((',q)
Wbk

NZ(adx) A NZ(g)

Based on reaction scheme of Eq. (16), the concentration
variation of ammonia followed the first-order reaction.
Moreover, gaseous nitrogen N; and nitrogen atom, N, were
supposed to form simultaneously from the oxidation of NHy
intermediates. By treating all surface nitrogen species as steady-
state species, including Onp3, Onm2, On, ONn2nH4, On2, Ono2 and Onos.
(The Supporting Information gives details of the kinetics deriva-
tions.), one has:

s _ k2 Onk300H (17)
dt
% = kafpuOn2ma (18)

The N atom on surface sites of the working electrode is the
primary intermediate further being oxidized to NO; and NO3.

dCdNt02 = k70n005 — kobno2 0o (19)
ﬁLtO?’ = kgeéHaNOZ (20)

The aqueous nitrogen compounds converted from an initial
ammonia dose of Cnys o including Cnus, Cnz2, Cno2 and Cnos, and the
rate of ammonia oxidation was equal to sum of N, NO3, and NO3
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generation, i.e.,

Cnh3,0 = Oz + Cnz + Cnoz + Cos, (21a)
and
—INH3 = 2IN2 + I'No2 + INO3 (21b)

Integration of Egs. (17)—(20) yields the following expressions
related to the concentration change of nitrogen species in the
solution:

Cnms = Cmzoe et (22)
G2 = K4 CNH3,O<1 - efk”t) (23)
CNOZ::KEKZ£1;;§EQCNH30(e—mrA,E—kn) (24)
ky — kq ’
(kbl<3 + kaz — kaK3)(1 — I(] )f, ket
Cno3 = Ky — ka CNH30 (1 e )
ke (1 — K -
e Vo1 e ) @)
where kq = ,’: ‘fkwﬁ‘;’z and k, = Il; ; ‘9’1%7(“1, are functions of rate
constants and K = ki kaflon kg and

Kl Oy K Ko+ Kako Oy = Kol kg’

ko2
I( — 9Y0H
37 kol tky

of adsorbed species, including ammonia adsorption and oxidation
(kT & k2), NHs combination (k3), N evolution (k4), NO3 desorp-
tion/adsorption (kg/k$) and oxidation evolution (kg), respectively,
and can be obtained from fitting the data in Fig. 8. Table 2 lists the
rate constants of nitrogen species at various applied potentials. The
rate constant of 0.10 h™! for the disappearance of NH3-N at 0.7V
was increased to 0.51 h~'at 0.85V, whereas the N, dependent
combination rate of N;H4 was decreased in this potential range.
NO3 concentration significantly increased by decreasing the
desorption rate of and increasing oxidation rate of NO3.

Under controlled potential (0.7—0.85V), the current efficiency
(mi, %) is defined as the capability of electrode to transfer charges in
producing the ith nitrogenous species, i.e.,

are functions of equilibrium constants (K + K3=1)

nxFx[N]xV

/ 1dt

where [N;j] is the concentration of NO3 or NO3 or Ny (M), F is
the faradaic constant (96,485C— eq~!) and V is the reaction
volume (L). The electron number “n” involved in the production of
NOs3, NO3 and N, was 8, 6 and 3, respectively. The total charge,
Qutal=1xt, was obtained by integrating the electric current
profile (Fig. S6) over reaction time. As summarized in Fig. 9a,
interestingly, the charge applied is essentially via NH3/N, over
the Ni foam electrode at 0.7V (N2 =49%). However, the sum of
current efficiency of ammonia oxidation (7no3 + 7N0o2 + WN2)
accounted for less than 25% of the total charge at> 0.7 V. When
nickel electrode was charged, accompanying the ammonia
oxidation, oxygen evolution reaction was a subsidiary side reac-
tion, which had negative effects on the current efficiency. The
oxygen evolution potential (OEP) on pure B-Ni(OH); electrode was
547 mV in 1 M KOH solution [41], which was just adjacent to the
onset ranges of ammonia oxidization over Ni foam electrode of

(%) = (26)

Table 2
Oxidation rate constants of different nitrogen products as a function of working
potentials.

Rate and equilibrium constant, Applied potential (vs. Hg/HgO)

0.7V 0.75V 0.8V 0.85V
ke, h™1 0.1 0.15 0.32 0.51
K;, au. 0.48 0.39 0.19 0.11
kp, h™? 0.38 0.42 0.5 0.65
Ko, a.u. 0.65 0.55 0.09 0.04
K3, a.u. 0.35 0.45 091 0.96

the present work, although OER could be properly inhibited at pH
11 [51]. On the other hand, direct electro-oxidation of ammonia
was influenced by applied potential, in terms of ammonia removal
efficiency (NHs;, %) and nitrogen selectivity of conversion (Sy, %),
Cn=[Nz] or [NO3] or [NOz] [52].

[NH3], — [NH3];

NH?:I’ (%) = [NH3}

x 100 (27)

Cn

Sn (% _—
*) = CnH3,0 — CNH3 ¢

x 100 (28)

As shown in Fig. 9b, Sy varied inversely with Syo3 and crossed
over each other at 0.79 V at which N, evolution accounted for half
of 80% ammonia removal. A strong selectivity for converting
ammonia to nitrogen gas at low overpotential was in agreement
with voltammetric result and strongly verified the proposed
ammonia oxidation pathway.
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Fig. 9. (a) Current efficiency (n, %) of nickel foam electrode converting ammonia to
nitrogen intermediates at various potentials, and (b) NH; removal and nitrogen
selectivity of conversion (%) at 6 h in Fig. 8.
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4. Conclusions

We investigated the electrochemical behavior of ammonia
oxidation over a metallic nickel foam electrode in Na;SO4 elec-
trolyte (pH 11) by voltammetry and constant potential oxidation
experiments. Initial dehydrogenation of NH3 at potential around
the onset of Ni(OH),/NiOOH redox couple (~0.65V vs. Hg/HgO)
was the key step of direct ammonia oxidation via the specific
reduction potential of Ni(OH),-NiOOH couple. The phase transi-
tion between Ni(OH)y;s) and NiOOH(s) was characterized by
Raman spectrometry and XPS, which demonstrated clearly the
improved oxyhydroxide signal in the presence of NH3. Based on
peak currents from the CV curves in the presence of ammonia at
various concentrations, the electron transfer pathway was
revealed, i.e., ammonia to gaseous nitrogen occurred at a potential
range of 0.7-0.85V by the oxidation of adsorbed anomia to
atomic nitrogen, N(ads), which then dimerized to yield N»; whereas
N(ads) atom was oxidized to oxygen-containing compounds, NOy,
such as NO3 and NOs3 at>0.75V. The results of controlled po-
tential experiments showed that the high current efficiency to
mineralize ammonia (to non-toxic N3) occurred at 0.7V with a
rate constant of ca. 0.1 h™'. Furthermore, NO3-N was the pre-
dominant byproduct of the complete oxidation of NH3-N at higher
overpotential.
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