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a b s t r a c t

A nickel foam-supported Ni(OH)2/NiOOH electrode, synthesized in-situ at a specific electrode over-

potential, was used to study the oxidation of ammonia in aqueous solution. Results of voltammetric

analysis showed the formal potential of Ni(OH)2/NiOOH transition at þ0.6 V (vs. Hg/HgO, pH 11) at which

the current profile was improved by electron transfers of NH3 in the electrolyte. Selectivity of NH3

conversion to NO3
� and N2 was evaluated by batch constant current experiments. Electrochemical pa-

rameters, including solution pH (6e12), temperature (20e40 �C), current density (0.2e3mA cm�2), and

initial NH3-N concentration (20e450mg-L�1), that may affect ammonia oxidation toward nitrogen

selectivity were studied. At constant current density of 1.5mA cm�2A, ammonia removal reached 98.5%

and NO3
� was the major product at initial NH3-N concentration of 50mg-L�1 in 7 h. By contrast, N2

evolution dominated at low current density (<1mA cm�2) and high initial NH3-N concentration (i.e.,

>100mg-L�1). A surface steady-state approach, with NH3 deprotonation as the rate-limiting step, pro-

vided the reaction pathways of NH3 conversion to molecular nitrogen byproduct.

© 2018 Elsevier Ltd. All rights reserved.

1. Introduction

Inorganic nitrogen species (e.g., nitrate, nitrite, and ammonia)

are major micro-nutrients that contribute to water eutrophication

[1]. Ammonium/ammonia is the main byproduct when numerous

nitrogenous organic compounds, such as azo dyes, organic solvents,

and pharmaceutical products, are degraded at wastewater treat-

ment plants (WWTP), especially those receive waste discharges

from the high-tech industries [2]. The UrbanWasteWater Directive

(92/271/EEC) of the European Water Framework Directive (2000/

60/EC) calls for a discharge limit of 10mg-N-L�1 in ecologically

sensitive areas [3]. Over past decades, the electrochemical oxida-

tion of ammonia has been intensively studied for applications in

fuel cells, hydrogen generation, sensors, and wastewater remedia-

tion [4,5]. Since ammonia, with low reduction potential, is

anodically oxidized to nitrogen gas on some noble metals, it can be

integratedwith a cathodic oxygen reduction to fulfill a spontaneous

redox reactions and electrical energy generation [6e8]. Platinum-

based materials, such as in the forms of nanoparticles, crystals

with specific plane, and alloys, are normally used for ammonia

electro-oxidation in alkaline media [9,10]. The primary concern of

electrochemical ammonia oxidation as an environmental remedi-

ation process lies in the complicated selectivity of ammonia con-

version to nitrogen gas, nitrite, and nitrate due to its multistep

electron transfer and dimerization reaction.

Although the well-known biological process of Anammox® is

effective in treating wastewaters involving the bacterial phylum

Planctomycetes, it requires large land space and long process time

compared to chemical methods [11]. In light of the technology

maturity of ammonia oxidation in the energy field, intuitively,

electrocatalysis may be a feasible alternative to microbial trans-

formation such as the Anammox® process. At the present, there are

very few investigations on the ability of electrodes made of low-

cost transition metals/metal oxides for ammonia removal [12]. In-

direct electrochemical ammonia oxidation has been attempted by

the in-situ generation of active chlorine on dimensionless stable
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anodes, DSA, (e.g., Ti/IrO2, RuO2) [13,14]. Chloramination produces

several chloramines and finally gaseous nitrogen depending upon

the Cl2/NH4-N ratio in the electrolytic cell [15,16]. However, the

breakpoint chlorination potentially creates halogenated byprod-

ucts, i.e. disinfection byproducts, DBPs, which are highly toxic to

humans.

Ni is widely used in rechargeable alkaline batteries and super-

capacitors, since the half-cell reaction of Ni(OH)2/NiOOH has a

reduction potential of 0.49 V (vs. NHE) [17]. Therefore, proper

control of the charging overpotential can convert the oxidized thin

Ni(II) (OH)2 film on the metallic nickel surface to oxyhydroxide

(Ni(III)OOH), which has been used to electrocatalytically oxidize

some small organic compounds, such as glucose to glucolactone

[18]. Voltammetry of Ni/Ni(OH)2 in the presence of ammonia has

been studied [19]. However, information on electrochemical vari-

ables that control the capability of nickel foam electrode for direct

ammonia oxidation in wastewater is still limited. Several method-

ologies have been developed to practically treat or recover NH4
þ/

NH3 dependent on ammonia concentration. For examples, at high

ammonia concentration, i.e., 2000mg/L, ammonia was recovered

as struvite (MgNH4PO4) fromwastewater by crystallization [20]. Air

stripping at ammonia concentration of >500mg/L has been

attempted [21]. Anaerobic oxidation, specifically, Anammox®, has

been suggested for the treatment of ammonia containing waste-

water at concentration of 200mg/L [22]. When the concentration

is> 100mg/L, ion exchange is appropriate for the removal of

ammonia fromwater [23]. Ammonia oxidation by chlorination has

been studied at concentration <50mg/L [16]. The total nitrogen

(TN) varies over a wide range of concentration depending on the

source of wastewater/water, for instance, > 1000mg-N/L in landfill

leachate [20], 300e1000mg-N/L in pharmaceutical wastewaters

[24], 250mg-N/L from the manufacturing of semiconductor in-

dustrial wastewaters [25], and <5mg-N/L in aquaculture effluents

[26]. Our recent research has demonstrated that nickel oxide

formed in-situ on Ni foam substrate during electrolysis could effi-

ciently mediate the electron transfer of ammonia in dilute con-

centration (e.g., 20mg/L) [27]. In order to demonstrate the ability of

direct electro-oxidation of ammonia in aqueous solution toward

nitrogen selectivity, this work aims to design a batch electrolytic

cell consisting of nickel foam anode and Ti/IrO2 cathode for inves-

tigating the electrochemical oxidation of ammonia in an initial NH3

concentration range from 50 to 450mg-N/L. Effects of solution pH,

temperature, and current density on the rate of ammonia oxidation

and evolution of byproducts (nitrate, nitrite, and nitrogen gas) were

evaluated based on the current efficiency, rate law, and selectivity

of ammonia conversion.

2. Materials and method

2.1. Chemicals

The ammonia solution was prepared with ammonium sulfate

((NH4)2SO4, J.T. Baker, USA). Sodium sulfate (Na2SO4, Sigma-Aldrich

Co., USA) was used as supporting electrolyte. The solution pH was

adjusted to a specific value with sodium hydroxide (NaOH, Merck

KGaA, Germany) and sulfuric acid (H2SO4, 95%, Sigma-Aldrich Co.,

USA). Chemicals for the analysis of electrochemical intermediates

included sodium nitrite (NaNO2), sodium hypochlorite (NaClO), N-

(1-Naphthyl) ethylenediamine dihydrochloride

(C10H7NHCH2CH2NH2$2HCl), sulfanilamide (H2NC6H4SO2NH2), and

sodium phenoxide (NaOC6H5$3H2O) (Sigma-Aldrich Co., USA), po-

tassium nitrate (KNO3) and sodium nitroprusside (Na2
[Fe(CN)5NO]) (Riedel-deHa€en AG, Germany), ethyl-

enediaminetetraacetic acid disodium salt dihydrate

(C10H14N2Na2O8$2H2O, EDTA-Na2) (U&I Bio-Tech, Inc., USA). All

reagents were of analytical grade and used without purification.

The deionized water, for the preparation of all solutions, was pu-

rified with a laboratory-grade RO-ultrapure water system (re-

sistivity >18.18MU cm).

2.2. Experimental apparatus and procedure

Electrochemical experiments were carried out with a potento-

stat (CHI611C, CH Instruments, Inc., USA). A nickel foam (sheet,

thickness¼ 2mm, area density ~ 250 g/m2, holes number¼ 94± 10

pores per linear inch (PPI), Innovation Materials Co., Ltd., Taiwan)

was the working electrode. The counter electrode was an iridium

oxide-coated titanium (Ti/IrO2) and the reference electrodewas Hg/

HgO/1MNaOH (E0¼ 0.14 V vs. NHE) (RE-61AP, ALS Co. Ltd., JAPAN).

Prior to all experiments, the nickel foam was degreased with

acetone (99.5%), acid-etched in 3MH2SO4 for 10min, and then

rinsed with deionized water in an ultrasonic bath. Batch ammonia

oxidation experiments were performed in constant current mode.

Fig. 1 shows the configuration and specification of electrolytic

apparatus. Two concentric nickel electrodes, with diameter of 4 and

6 cm individually and submerging in the electrolyte at a depth of

Fig. 1. Batch apparatus of electrochemical oxidation of ammonia.
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7 cm, were used as the anode (total effective area ~200 cm2). A Ti/

IrO2 cylinder of 5 cm in diameter, sandwiched in between the two

nickel cylinders, was the cathode. The average electrode to elec-

trode distance was 0.5 cm. To minimize the loss of nitrogen due to

the volatility of ammonia at high pH, the reactor was sealed with a

Teflon cover during experiment as to minimize the exposure of the

liquid surface to the air. Detailed characterization of the nickel foam

electrode has been reported previously [29]. All ammonia oxidation

experiments were carried out with nickel foam electrodes which

were prepared in situ by electrochemical formation of NiOOH

phases at anodic potential of þ0.8 V vs. Hg/HgO.

2.3. Chemical analysis

A flow injection analyzer (FIA, Lachat's Quik Chem 8500 Series 2,

USA) was used to analyze the concentration of aqueous nitrogen

species (NH3-N, NO3
�-N, NO2

�-N). Measurement of ammonia was

based on the indophenol method (at 630 nm) according to the

Berthelot reaction, which involved reaction among phenolate, hy-

pochlorite, and ammonia, with nitroprusside as catalyst. The total

oxidized nitrogen (NOx) was determined by reducing nitrate to

nitrite (in a copperized cadmium column) prior to 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 spectrophoto-

metrically at 540 nm [28]. Nitrate concentration was the difference

between NOx and nitrite, which was determined separately. The

detection limit was 0.2 mg/L for NH3-N, and 0.25 mg/L for both NO2
�-

N and NO3
�-N.

The micro-morphology of the electrode surface was observed

with scanning electron microscopy (SEM, JSM-6700 F, JEOL Ltd.,

Japan). The crystallographic structure was analyzed by X-ray

diffraction (XRD, DX III, Rigaku Co., Japan) operated with Cu

Kasource (l¼ 1.5406Å) at a scan rate of 0.06� s�1 in the incidence

angle range of 20e85� (2q).

3. Results and discussion

3.1. Electrochemistry of nickel foam

First, the redox characteristics of metallic nickel foam in solution

containing ammonia nitrogen (effective area¼ 3 cm2) were evalu-

ated by voltammetry in the presence of 10mM Na2SO4, as inert

electrolyte (at pH 11). The i-E response of the nickel substrate

(Fig. 2a) had a pair of peak potentials, O1/R1, at an onset potential of

ca. 0.6 V, which were attributed to the formation and reduction of

nickel oxyhydroxide (NiOOH), as evidenced by XPS analysis in our

previous work [29]. The satellite peak following the O1 at the

positive voltage scanning direction indicated the electron transfer

of Ni(II) to b- and to g-NiOOH(s), which occurred with increase in

anodic current at high overpotential, i.e.

b� NiðOHÞ2 þ OH� ������! ������

Charge

Discharge
b� NiOOH þ H2Oþ e� (1)

b� NiOOH �����!
Overcharge

g� NiOOH (2)

g� NiOOH þ H2Oþ e� ������! ������

Discharge

Charge
a� NiðOHÞ2 þ OH� (3)

a� NiðOHÞ2 ��!
Aging

b� NiðOHÞ2 (4)

It must bementioned that in reaction (2) there exists a possibility

that electron is transferred to elevate the oxidation state of Ni in

alpha phase to higher than (III) in gamma phase based on K-edge

energy shift of BaNiO3 [30]; whereas some recent literature has

pronounced oxygen oxidation as primarily responsible for the

charge storage (Ni3þ/O*-) instead of Ni(II) to Ni(IV) (Ni4þ/O2�)

through Mossbauer and XPS analyses [31,32]. Thus the main influ-

ence of overcharging on the NiOOH is to render the oxygen frame-

work in gamma phasemore disordered than that in alpha phase.We

have recently reported that although Raman spectra showed

distortion of the oxygen framework in NiOOH at higher over-

potential, nonetheless, results of XPS analysis did not reveal the

presence of Ni valence being greater than (III) during phase transi-

tion from alpha to gammaNiOOH [27]. In the ammonia solution, the

peak current of Ni(OH)2/NiOOH was increased with increase in NH3

concentration, implying that the faradaic electron transfers of ni-

trogen species were mediated by the transition of Ni(OH)2 to

NiOOH. In other words, the formation of surface oxide film in-situ

electrochemically and the subsequent surface modification of nickel

foam at a specific potential account for the oxidation of adsorbed

ammonia nitrogen. The role of Ni(OH)2/NiOOH and detailed elec-

trocatalysis has been characterized in our recent work [29].

By subtracting the background current of nickel oxidation

(namely, the pseudocapacitant current) from the total current as a

function of scan rate, one obtained the net NH3 redox current. As

Fig. 2. (a) Analysis of cyclic voltammetry (10mV s�1, vs. Ag/AgCl) in the absence and presence of ammonia (pH 11, 25 �C) using 10mM Na2SO4 as a supporting electrolyte. (b) The

corresponding net current of ammonia redox peaks as a function of v1/2 and (c) anodic peak potential (Eap) versus logarithmic scan rate (ln v) in the presence of 1.0� 10�3

-3.0� 10�2M NH3.
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shown in Fig. 2b, both the anodic and the cathodic peak currents

(ipa and ipc), linearly correlated with the square root of scan rate (n1/

2), indicated a diffusion control reaction according to the Nicholson

and Shain equation, i.e., ip/v
1/2¼ 2.99� 105 n (ana)

1/2D1/2C; where

D is the diffusion coefficient (cm2/sec), C is the concentration of

reactant (mol/cm3) and ana is the product of transfer coefficient

and the number of electron transfer involved in the rate-limiting

step. Since the peak potential, Ep, is obviously dependent of the

scan rate, the electron transfer process of either the oxidation of

NH3 or the reduction of intermediates (in negative voltage scan

direction) appeared electrochemically irreversible. The relationship

between Ep and scan rate (v) of adsorbed species in the irreversible

process can be expressed by the Laviron equation [33]:

Epa ¼ E0
0

�
RT

ð1� aÞnF
ln

RTks
ð1� aÞnF

þ
RT

ð1� aÞnF
ln n (5)

Where a, n and ks are the anodic electron transfer coefficient, the

number of electrons and electron transfer rate constant, respec-

tively. Plot of the anodic peak potential (Epa) versus the logarithmic

scan rate (ln v) resulted in a straight line, which slope and intercept

gave the transfer coefficient (a) and the reaction rate constant (ks),

respectively (Fig. 2c). At T¼ 298 K, F¼ 96485C/mol, and R¼ 8.314 J/

mol-K, the term (1-a)n was 0.73, 0.75, 0.80, and 0.83, and ks was

1.25, 1.29, 1.48, and 1.59 s�1 for an initial NH3 concentration of 10�3,

3� 10�3, 10�2, and 3� 10�2M, respectively. If the number of

electron involved in the limiting step remains the same at all initial

NH3 concentrations, i.e., the mechanism of NH3 oxidation did not

change, the main effect of increasing the electrolyte concentration

would be on increasing the chemical reaction rate and enhancing

ammonia oxidation, when the transfer coefficient increased.

Fig. 3 shows the change in the micromorphology and X-ray

diffraction pattern of the metallic Ni anodized under a constant

potential of þ0.8 V (vs. Hg/HgO) for 1 h, at pH 11, and in 10 mM

Na2SO4. The blank Ni sample had an interconnected structure with

a smooth surface (Fig. 3a,b). After electro-oxidation, rougher sur-

faces appear on the oxidized Ni substrate (Fig. 3c), visualized as

black spots, and numerous nano-whiskers of Ni(OH)2/NiOOH ox-

ides (Fig. 3d) were created. Obviously, electrochemical oxidation

increases the roughness of the nickel foam and specific surface area,

which is expected to increase in ammonia oxidation. Nonetheless,

according to the proposed reaction mechanism of Langmuir-

Hinshelwood model (supporting data), ammonia adsorption pre-

cedes its oxidation on the electrode surface, which is the rate-

limiting step. Therefore, high specific surface area facilitates

ammonia adsorption but not necessarily controls its oxidation.

Since the redox reactions occurring at the electrode and electrolyte

interface involves a series of complex processes of activation, the

formation of crystal facets or morphological features on the elec-

trode surface can lower the energy barrier and efficiently accelerate

the electron transfer process [34]. As shown in Fig. 3e, after

ammonia oxidation, the oxidized Ni(OH)2 electrode exhibits

diffraction planes of (001), (002) and (110) facets in lieu of the

characteristic peaks of Ni(OH)2 at 2q of 44.8
� (111), 52.2� (200), and

76.8� (220) of pure metallic Ni, which suggests full phase trans-

formation of the anode surface layer [27].

3.2. Effect of pH

The proton concentration strongly influences the efficacy of

electrochemical redox reaction when either anodic or cathodic

half-cell reaction involves the transfer of hydrogen ions, Hþ. The

solution pH can affect the standard reduction potential of the

electrolytes and water (i.e. gas evolution) and the speciation of the

reacting compounds in the solution and lead to different efficiency

of chemical reactions of interest. Fig. 4 demonstrates the effect of

pH (from 6 to 12) on concentration change of NH3 and reaction

products, i.e., NO3
�, NO2

�, and N2 over the Ni foam electrode, in

10mM Na2SO4 electrolyte and under constant current density of

1mA/cm2. The oxidation of ammonia proceeded rapidly at

Fig. 3. SEM micromorphology of nickel foam before (a) 50�, (b) 5000�, and after electrochemical oxidation (c) 5000� (d) 50,000� under constant potential of þ0.8 V (vs. Hg/HgO),

for 1 h (pH 11, 10 mM Na2SO4, 10,000�). (e) XRD patterns of nickel foam and electrochemical oxidized sample.
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pH> 9.5, but was slow at pH< 8.5. Kapałka (2011) has reported no

ammonia oxidation at neutral to acidic pH on IrO2 electrodes [35].

Fig. 5a shows that the fraction of ammonia removal, NH3,r¼ (1e

[NH3,t]/[NH3,0])� 100 (%) (red crosses), follows exactly the molar

distribution fraction of NH3. Note that the acidity constant (pKa) of

the NH4
þ/NH3 equilibrium is 9.25, that is, NH3 species dominates

total ammonium nitrogen (TAN) at pH> 9.25. The good fit of

ammonia removal and thermodynamic distribution of NH3-N im-

plies that the surface adsorbed species responsible for ammonia

oxidation is primarily NH3 not NH4
þ as adsorption onto the anode

surface is unfavorable at pH< pKa due to electrostatic repulsion.

Furthermore, an increase in pH improved the selectivity of NH3

(SNi ¼

�

½Ni�
NH3;o�NH3;t

�

� 100ð%Þ, Ni ¼ NO3
�, NO2

� or N2) conversion

toward N2, while inhibited NO3
� production. Z€ollig (2015) has re-

ported that the ammonia electro-oxidation was initiated by the

dehydrogenation of adsorbed ammonia and the recombination of

two NHx(ads) to yield N2(g) [36]. Whereas, at higher oxidation po-

tential, the formation of oxygen-containing N species dominated

the selectivity of NOx [37].

To evaluate the rate of the ammonia oxidation and production of

intermediates, a steady-state approach involving adsorption/

desorption, direct electrochemical dehydrogenation, and chemical

reactions among the surface species was established as shown in

the Supporting Information. Briefly, the adsorbed nitrogen species,

in terms surface coverage, included NH3 (qNH3), NH2 (qNH2), N (qN),

N2H4 (qN2H4), N2 (qN2), NO2
�(qNO2), and NO3

�(qNO3), which were

treated as steady-state species. NH3 and its oxidation intermediates

presumably were adsorbed onto the electrode surfaces. The degree

of complex formation between Ni(II) and NH3 and the accumula-

tion of NH3 species on the electrode surface was negligible as

evident of soluble ammonia species at undetectable concentration

and the weak XPS signals of N1s under working potentials of Ni

oxide formation (Fig. S2). In the kinetics modeling process, there

are (1) three equilibrium constants (K1, K8 and K10), representing

the adsorption/desorption of NH3, NO2
� and NO3

� on the electrode

Fig. 4. Effect of pH on (a) ammonia oxidation, evolution of (b) nitrite, (c) nitrate ions and (d) nitrogen gas (electrolyte 0.01M Na2SO4, NH3,0¼ 50 ppm, current density¼ 1mA/cm2)

(pH 8.5 was the average value without control).

Fig. 5. (a) Efficiency of ammonia removal, and selectivity (SN, %) of ammonia con-

version to nitrite, nitrate ions and gaseous nitrogen as a function of pH over Ni foam

electrode after 7 h of electrolysis; (b) rate constants ka and kc as a function of pH. Note

that kc and ka are the ammonia deprotonation and nitrate production rate constants,

respectively. A high kc indicates high nitrogen selectivity.
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surface, individually, (2) one equilibrium constant for NH2 combi-

nation (K3), and (3) five rate constants, including three for NH3,

N2H4 and NH2 deprotonation (k2, k4, and k6), respectively, and

oxygenation of adsorbed N and NO2
� (k7 and k9), respectively,

involved in the chemical reactions over surfaces of Ni foam. By

considering qNH2, qN, and qN2H4 as steady state species, one has the

concentrations, CN2, CNO2, and CNO3 in the bulk solution.

Based on mass balance relationship, the terms, CNH3, CN2, CNO2,

and CNO3 were related to the initial ammonia dose, i.e., CNH3;0 ¼

CNH3þ CN2þ CNO2þ CNO3. The rate of ammonia depletion is equal

to sum of the rate of N2, NO2
� and NO3

� generation, i.e., �rNH3 ¼

2rN2þ rNO2þ rNO3. The following expressions were obtained

(Supporting Information S3):

CNH3 ¼ CNH3;0e
�kat (6a)

CN2 ¼ KbCNH3;0ð1� e�katÞ (6b)

CNO2 ¼
kaKdð1� KbÞ

kc � ka
CNH3;0

�

e�kat � e�kct
�

(6c)

CNO3 ¼
ð1� KbÞðkcKd � kaKe þ kcKdÞ

k� ka
CNH3;0

�

1� e�kat
�

�
kaKdð1� KbÞ

kc � ka
CNH3;0ð1� e�kct

�

(6d)

where the two apparent rate constants, ka ¼
kþ
1
k2qqOH

k�
1
þk2qOH

and kc ¼

k�
8
k9qq

2
OH

k9q
2
OHþk

þ
8

, are related to the deprotonation of NH3 and the production

of NO3
�, respectively, when the desorption of NH3 and NO2

� on

surface sites is much faster than the corresponding electron

transfer reactions (i.e. k1
-
[ k2qOH, ka¼ k2K1qqOH; k8

þ
>> k9qOH

2 ,

kc¼ k9K8qqOH
2 ). On the other hand, the constant

Kb ¼
kþ
3
k4q

3
OH

k4k
þ
3
q
3
OHþk

�
3
k6þk4k6q

4
OH

, is determined by NHx combination (K3)

and rate ratio of N2 to N formation (i.e., k4 and 46). The other two

constants, Kd ¼
kþ
8

k9q
2
OHþk

þ
8

and Ke ¼
k9q

2
OH

k9q
2
OHþk

þ
8

(Kdþ Ke¼ 1) are related to

the desorption and oxidation of NO2
� (i.e., k8

þ and k9), respectively.

Kb, Kd, and Ke vary with experimental conditions (Supporting

Information, S2, Table S1.) As indicated in Fig. 5b, with increasing

pH, there is increase in ka and decrease in kc. The rate constants, kc
and ka, are parallel to that of the NH4

þ/NH3 speciation. At pH> pKa,

the selectivity of NH3 conversion toward N2 and NO3
� increases

(Fig. 4a), which is evident of dominance by the NH3 fraction

(pH> 9.25). The degree of ammonia deprotonation determines the

overall production of N2.

3.3. Effect of temperature

The temperature of electrolytic cell was varied to assess the

kinetics of the NH3 oxidation over the Ni foam electrodes under a

constant current density of 1.5mA cm�2 and pH 11 (initial [NH3-

N]0¼ 50mg/L, 0.01M Na2SO4 as an electrolyte). Fig. 6a shows the

temperature dependence of rate constants ka and kc (i.e. Arrhenius

plot). Over the Ni foam electrode, accordingly, the activation energy

(Ea) of NH3 oxidation was 6.4 kJ/mol with a corresponding activa-

tion energy of NO3
� production of 44 kJ/mol. In other words, the

energy barrier for NH3 deprotonation (the transfer of the first

electron) was much smaller than that for oxidizing nitrogen to its

highest oxidation states. Fig. 6b presents the profile of NH3 oxida-

tion and selectivity of conversion as a function of temperature; with

increasing solution temperature from 20 to 40 �C, NH3 oxidation

and NO3
� selectivity decreased from 96 to 84% and 98 to 65%,

respectively; whereas N2 selectivity increased from 2 to 35%. In a

typical electrolytic cell, the voltage applied, is the difference be-

tween the open circuit potential (EOCP) and the total overpotential,

htot, where htot is the overpotential sum of activation, hac, of con-

centration polarization, hC, and of ohmic resistance, hIR, i.e.,

htot¼ hac þ hC þ hI [38]. Increasing temperature decreases the

solution resistance by improving the electrolyte diffusion, reducing

the term of hIR and thus htot. On the other hand, EOCP can be

modified by temperature according to the Nernst equation:

DEOCP ¼ DE0 �
RT

nF
ln

�

½Ni�
m½H2�

n

½NH3�
x½OH��y

�

(7)

The difference in the standard potential (△E0) originates from

the standard Gibbs free energy of anodic ammonia oxidation and

cathodic hydrogen gas evolution. Under constant current, the effi-

ciency of NH3 oxidation to various nitrogenous compounds is

ascribed to the shift in EOCP. Restated, the preference of N2 selec-

tivity at higher temperature was resulted from oxidizing nitrogen

to a relatively lower oxidation state at lower overpotential, -III to 0,

rather than further toþV.

3.4. Effect of current density

Figs. 7and 8 show NH3 electro-oxidation and evolution of in-

termediates as a function of time at different current density (CD)

and initial concentration of 50 and 450mg/L, respectively. At an

initial NH3-N concentration of 50mg/L, NH3 removal increased

significantly with increase in CD. The concentration of NO3
� and N2

also increased with increase in CD, except nitrite, which concen-

tration was small and appeared to be rather unaffected by CD. NH3

removal reached 98.5% in 7 h at CD 1.5mA/cm2. Further increase in

Fig. 6. (a) Arrhenius plots with rate constants of ka and kc; (b) efficiency of ammonia

removal (NH3,r), and selectivity of ammonia conversion to nitrite, nitrate ions and

gaseous nitrogen (SN) as a function of temperature (electrolyte 0.01M Na2SO4,

NH3,0¼ 50 ppm, constant current density¼ 1.5mA/cm2).
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CD to >1.5mA/cm2 did not increase NH3 oxidation significantly, nor

the production of N2 or N2, due to occurrence of limiting current.

Increasing the initial concentration of NH3-N to 450mg/L

decreased ammonia electro-oxidation under a similar CD range of

0.5e3mA/cm2. NH3 removal dropped to 60% in 7 h at CD 2mA/cm2.

The degree of N2 production did not increase with increase in CD

significantly.

Fig. 9 summarizes the effect of CD and initial NH3 concentration

on NH3 removal, nitrogen selectivity, and rate constants ka and kc
(from fitting data in Fig. S1 with Eqs. (6a) and (6d)). Generally, in-

crease in CD increased NH3 removal and NO3
� selectivity but sup-

pressed N2 selectivity regardless of initial NH3 concentration. In an

electrochemical cell, the effect of CD, corresponding to a cell

voltage, on the selectivity of oxidizing NH3 to different

Fig. 7. Effect of current density on (a) ammonia oxidation, evolution of (b) nitrite, (c) nitrate ions and (d) nitrogen gas (electrolyte 0.01M Na2SO4, NH3,0¼ 50 ppm, pH 11).

Fig. 8. Effect of current density on (a) ammonia oxidation, evolution of (b) nitrite, (c) nitrate ions and (d) nitrogen gas (electrolyte 0.01M Na2SO4, NH3,0¼ 450 ppm, pH 11).

Y.-J. Shih et al. / Electrochimica Acta 281 (2018) 410e419416



intermediates may be attributable to the variable open circuit po-

tentials (OCP) of corresponding chemical reactions [39]; that is,For

anodic reactions:

N2 þ 6H2O þ 6e-¼ 2NH3 þ 6OH- ; E0¼�0.77 V (SHE) (8)

NO3
- þ 6H2O þ 8e-¼NH3 þ 9OH- ; E0¼�0.12V (SHE) (9)

and for cathodic reaction:

2H2O þ 2e-¼H2 þ2OH
-; E0¼�0.83 V (SHE) (10)

Thus, the overall reaction for N2 and NO3
� production could be

2NH3¼N2 þ 3H2; EOCP¼�0.06 V (11)

NH3 þ 2H2O þ OH-¼NO3
- þ 4H2; EOCP¼�0.71 V (12)

Therefore, it is rational that at low cell voltage, corresponding to

low CD, favored NH3 oxidation, with selectivity more toward N2

than NO3
�, although the extent of NH3 oxidationwas not significant.

Fig. 9c demonstrates the effect of initial NH3,0 on the electro-

oxidation of NH3 and selectivity of NO2
�, NO3

� and N2 conversion

under the applied constant current of 1mA/cm2. Fig. S1 shows NH3

removal and concentration of nitrogen byproducts as a function of

time. With increasing NH3,0 concentration, the selectivity of NO3
�

significantly decreased; whereas that of N2 increased. In other

words, asmentioned above, a high transfer coefficient (a) as a result

of an increase in NH3,0 (Fig. 2c) could imply that the onset potential

at ca. þ0.6 V on the voltammetry was subject to the electrons

involving the step of NH3 to N2 (because N2 selectivity increased

with increasing NH3,0). This observation also fitted the above ki-

netics modeling. As listed in Table S1, the equilibrium constant Kb,

related to the rate ratio of N2 to N formation over the Ni electrode,

was magnified by increasing pH and initial NH3 concentration, but

was inhibited by an increase in CD. On the other hand, as predicated

by effect of pH (Fig. 5b) and temperature (Fig. 6a), at low NH3,0-N

the selectivity of NO3
� was predominant in the oxidation of NH3,

and thus NO2
� oxidation to NO3

�, at kc smaller than ka, was the rate-

limiting step. Nevertheless, as NH3,0 increased, kc increased and ka
decreased, respectively; kc crossed over ka at 50mg-N/L (Fig. 9d),

which implied the deprotonation of NH3 being the rate-limiting

step at higher initial ammonia concentration, NH3,0-N.

Fig. 10 plots the rate constant and current efficiency against the

applied current density. Here, the current efficiency, hN, was

defined as hN ¼ nFCNVs=It, where Ci is the evolving concentrations

of CN2, CNO2-, CNO3- in M; n is the number of transferred electrons

and n, was 6, 6, and 8, for N2, NO2
�, and NO3

�, respectively; Vs is the

volume of electrolyte in liter; I is the applied current in A; t is the

reaction time in sec. The electro-oxidation constants, ka and kc, can

obtained by fitting experimental data in Figs. 7 and 8 with Eq. (6a)

e (6d). Fig. 10a shows the change of ka and kc as a function of CD at

initial ammonia concentrations (NH3,0-N) of 50 and 450mg/L. The

trend of ka, inversely correlated to kc in the selected range of CD,

and together with results showed in Fig. 9d, clearly indicated that

the rate-limiting step of NH3 oxidation could be altered, toward N2

or NO3
� selectivity, under a specific electrochemical condition, e.g.,

CD (Fig. 10a) or solution condition, specifically, initial ammonia

concentration, [NH3,0], (Fig. 9a). In summary, a small ka, achieved by

either increasing [NH3,0] or decreasing CD, would result in a high

selectivity toward N2 under which the rate of NH3 oxidation was

limited by NH3 deprotonation. The current efficiency of ammonia

conversion was affected by both the applied CD and [NH3,0] con-

centration (Fig. 10b). Considering the total charge that can be

properly consumed by N2 evolution, high hN2 was achieved under

the condition of high [NH3,0] and low CD (at the upper left corner of

Fig. 10b).

The electrical energy consumption (EC, Wh/g), an evaluation of

the effectiveness of electro-oxidation of ammonia over the Ni foam

electrode, can be calculated by the equation: (EC

�

Wh
g

�

¼ I�U�t
D½NH3�N�

;

Fig. 9. Effect of current density on NH3 removal and selectivity of NO2
�, NO3

� and N2 using initial concentrations of (a) 50 ppm and (b) 450 ppm NH3-N (electrolyte 0.01M Na2SO4, pH

11); (c) NH3 removal, selectivity of conversion and (d) rate constants as a function of initial NH3-N (CD¼ 1mA cm�2).
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where I is the applied current in A, U is the cell voltage in volt, and

[DNH3-N] is the removal of ammonia nitrogen in g/L) [40]. Fig. 10c

gives the plot of EC and [NH3,0 ] as a function of NH3 removal (%).

Results showed that a low [NH3,0] (<100mg-N-L�1) reasonably had

a high ammonia removal, NH3,r, while EC significantly increased

with increase in ammonia removal, NH3,r. EC increased abruptly

from 30 to 130Wh/g when NH3,r was increased from 75% to 90%. As

a contrast, under a fixed CD of 1mA/cm2, NH3,r increased with

decreasing [NH3,0] almost linearly, but EC remained relatively low

at ~ 20Wh/g as [NH3,0]< 100mg-N/L or NH3,r< 75%. A portion of

voltage drop (IR), between the electrodes, was attributed to the

conductivity of electrolyte supporting by the NH3 concentration.

Therefore, at elevated ammonia concentration, the cell voltage and

EC were reduced. As shown in Fig. 10d, the effect of electrolyte

conductivity on CD and EC was particularly remarkable at high

[NH3,0] or low NH3,r. At NH3,r < 75%, CD and EC remained steadily

lowat [NH3,0]¼ 450mg-N/L. At NH3,r> 75% EC drastically increased

due to decrease in electrolyte conductivity. At NH3,r >55% and

[NH3,0]¼ 450mg-N/L, CD increased exponentially with NH3,r, due

to increase in electrolyte resistance.

Contrast to the intensive interests in electrochemical hydrogen

generation using high concentration of ammonia as feed solution,

studies on the electrochemical treatment of ammonia contamina-

tion in aqueous solution is scarce. There are extensive interests on

the development of workable anodes such as Pt/C-(SnO2) (In2O3),

Pt/C-(SnO2) (Sb2O5), Pt/NC, Pt/Eu/C, Pt0.9Ru0.1/C, Ni1-xCuxOOH for

hydrogen production in ammonia solutions [9,10,41e43]. Note that

the ammonia electrolyte concentration used in these galvanic cells

is concentrated NH3 (>0.5M), which is not commonly encountered

in water treatment. Indirect ammonia oxidation over boron dia-

mond anode (BDD) in the presence of chloride salt has been

attempted for the removal of total ammonia-nitrogen (TAN) from

saline water [44]. The chemical oxidation demand (COD) and TAN

are mineralized rather quickly, but the energy consumption is

relatively high (>0.6 kWh m�3) due to the need of higher current

density (CD> 0.3mA cm�2) as to create sufficient quantity of active

chlorine in lieu of simple direct ammonia oxidation. Recently we

have conducted direct oxidation of ammonia over graphite-based

PbO2 electrodes, fabricated as a- and b-forms in alkaline and

acidic electrolytes, respectively [45]. The selectivity of NH3-N con-

version to N2 of the graphite-based PbO2 electrode is relatively low

compared to the nickel oxides studied in the present work.

4. Conclusions

Results clearly demonstrated the successful formation of NiOOH

nano-whisker on a Ni foam substrate through a control of electrical

potential. The Ni-electrode was capable of directly oxidizing NH3 to

NO3
� and N2. The presence of NH3 augmented the anodic current for

the oxidation of metallic nickel to nickel oxyhydroxide, which

suggested that the redox of Ni(II)/(III) on the surface of Ni mediated

the electron transfer of ammonia nitrogen. Increasing the initial

NH3 concentration improved the transfer coefficient and favored

ammonia oxidation. The surface steady-state kinetics described the

pathway of NH3 oxidation well. Under constant current mode, the

selectivity of ammonia conversion was dependent on either the

initial NH3 concentration or the current density. At low current

density (e.g., <1mA cm�2) corresponding to a low electrode over-

potential, the deprotonation of NH3 was the rate-limiting step and

the selectivity toward N2 was favored, particularly for aqueous

solution containing greater than 100mg-N/L of initial ammonia,

[NH3,0].
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