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ABSTRACT: Regulation of fast three-electron-transfer processes for electrocatalytic oxidation
of ammonia to nitrogen by achieving eﬃcient generation and utilization of active sites is the
optimal strategy in ammonia-containing wastewater treatment. However, the limited number of
accessible active sites and sluggish interfacial mass transfer are two main bottlenecks restricting
conventional ammonia oxidation conﬁgurations. Herein, we develop a macroporous Ni foam
electrode integrated with vertically aligned two-dimensional mesoporous Ni2P nanosheets to
create suﬃcient exposure of active centers. A novel ammonia oxidation reactor with the
developed hierarchical porous-structured electrodes was assembled to construct an intensiﬁed
microﬂuidic process with ﬂow-through operation to mitigate macroscopic mass transport
limitations. The conﬁned microreaction space in the hierarchical porous reactor further promotes
spontaneous nanoscale diﬀusion/convection of the target contaminant to high-valence Ni sites
and enhances the microscopic mass transfer. The combined results of electrochemical
measurements and in situ Raman spectra showed that the ammonia degradation mechanism
results from direct oxidation by the high-valence Ni, signiﬁcantly diﬀerent from the conventional
indirect active-chlorine-species-mediated oxidation. The optimized reactor achieves high-eﬃciency three-electron-transfer ammonia
conversion with an ammonia removal eﬃciency of ∼70% from an initial concentration of ∼1400 mg/L and byproduct production of
∼4%, signiﬁcantly superior to a conversion unit comprising a featureless Ni-based electrode in the immersed conﬁguration, which
had >50% byproduct yield. 20 days of continuous operation under variable conditions achieved >90% ammonia degradation
performance and an energy consumption of 25.42 kW h kg−1 N (1 order of magnitude lower than the active-chlorine-mediated
process), showing the potential of the reactor in medium-concentration ammonia-containing wastewater treatment.
KEYWORDS: hierarchical porous structure, mass transport intensiﬁcation, electrocatalytic ammonia oxidation, three-electron-transfer,
transition-metal phosphide

1. INTRODUCTION
The development of high-performance and energy saving
processes and systems for medium-concentration ammoniacontaining wastewater treatment (e.g., 700−7000 mg/L
NH4+−N), such as landﬁll leachate,1 fertilizer wastewater,2
and piggery wastewater,3 is of paramount importance. The
traditional break-point chlorination process is adapted to low
concentrations of ammonia and is not suitable for highconcentration ammonia nitrogen due to the risk of creating
numerous toxic disinfection byproducts and its high cost.4,5
While the usual air-stripping system, which adjusts pH to
alkaline (e.g., pH = 11) to convert most ammonium ions
(NH4+) to free NH3 species, is used for handling high
concentrations of ammonia, it is confronted by two main
problems.6 One is technical and economical ineﬃciency; in the
treatment of medium-concentration ammonia, it suﬀers from
gas−liquid mass-transfer limitations, leading to high-energy
consumption (EC).7 Under such conditions, the balance of
removal eﬃciency and EC is intractable, with the eﬃciency of
air-stripping only reaching 60% at pH = 11. Another problem
© 2021 American Chemical Society

is the generation of secondary pollution since the air-stripping
process is a transfer process rather than a transformation
process. Therefore, it is worthwhile to explore an alternative
energy-saving and green transformation method for degradation of medium-concentration ammonia.
Electrochemically advanced oxidation processes use electrons as a reactant for converting ammonia into harmless
nitrogen. The existing active chlorine species (OCl− or
HOCl)-mediated electrocatalytic ammonia oxidation provides
a viable approach to achieve ammonia removal. However, the
indirect oxidation process involved is faced with relatively low
faradaic eﬃciency, signiﬁcant side reactions [e.g., the oxygen
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Figure 1. Schematic diagram of ammonia oxidation reactor designs. (a) Conventional immersed parallel-plate conﬁguration. (b) NF framework
with a ﬂow-through operation mode. (c) Hierarchical porous-structured reactor with a conﬁned nanopore space to enhance mass transfer.

evolution reaction (OER)], and halogenated byproducts.8−10
Considering that the NH3 species is more reactive than the
ammonium ion at the anode, converting NH4+ to NH3 species
and then oxidizing it to N2 would be an eﬀective way to
remove medium-concentration ammonia. Therefore, a direct
three-electron-transfer process to convert ammonia to nitrogen
would be the most desirable strategy (eq 1).
NH3 + 3ΟΗ− →

1
N2 + 3Η 2Ο + 3e−
2

penetrate the microﬂuidic channels and enhance the macroscopic mass transfer. Furthermore, two-dimensional (2D)
nanosheets, with the characteristics of considerable speciﬁc
surface area and high exposure of edges/surfaces, are regarded
as ideal reaction interfaces.17 A hierarchical porous structure
with vertically aligned 2D porous nanosheets on a controllable
porous and permeable conductive substrate would further
allow more exposure of the active sites. Besides, optimization
of the ﬂow ﬁeld for nanoscale diﬀusion is critical to strengthen
the contact between ammonia and the activators.18 In
comparison to conventional immersed parallel-plate conﬁgurations and simple ﬂow-through modes, the hierarchical
porous-structured reactor with nanopore-conﬁned spaces
promotes spontaneous diﬀusion caused by concentration
gradients in the numerous nanoreactors, signiﬁcantly decreasing the microscopic mass-transfer distance, resulting in eﬃcient
utilization of the activated high-valence metal sites (Figure 1c).
Based on the features outlined above, we used a simple onestep hydrothermal treatment followed by a phosphorization
process to create an electrode with maximal exposure of active
sites. Vertically aligned 2D ultrathin Ni2P nanosheets were
anchored on NF, providing an interface-conﬁned environment
as nanoreactors (Figure S1). Ni2P exhibits an electronic
structure similar to the noble metal-based benchmark electrocatalysts and has strong oxidation capacity at low cell voltage.
By controlling operating voltage (<2.0 V), side reactions such
as OER/chlorine evolution reaction are suppressed due to
their high overpotential. The solubility of ammonia in water is
relatively high (49.567/100 g). The porous Ni2P-s/NF
electrode preferentially reacts with dissolved ammonia under
low cell voltage. When organic compounds coexist, lower
voltage tends to oxidize ammonia, while organics with the
oxidation potential lower than water oxidation potential may
also be oxidized at the anode at higher voltage. Ammonia and
partial organic pollutant can be removed synchronously. Then,
eﬃcient interfaces were assembled compactly and separated by
a non-conducting spacer in a ﬂow-through system for

(1)

Inspired by previous studies showing that transition metal
species exhibit powerful oxidizing properties in electrocatalytic
reactions,11 as Ni(VI) sites were directly observed under low
overpotential conditions for water oxidation,12 we hypothesized that ammonia could be catalytically oxidized at the metal
interface instead of the OER.13 The selective conversion of
ammonia to nitrogen at high-valence metal sites without
formation of intermediates would be a green and energyeﬃcient strategy. Previous reports based on electrocatalytic
ammonia oxidation via three-electron transfer showed
relatively high byproduct yield at medium-concentration
ammonia (∼50%).14,15 Achieving the direct transformation
from NH3 to N2 is of paramount importance for electrode and
reactor design.
Two major problems for intermediate-free ammonia
oxidation are summarized: (1) insuﬃcient exposure of active
centers for high-valence metal generation and (2) limited
contact of the target contaminant with in situ generated active
centers. The immersed ﬂat electrode reactor is restricted by
limited active site exposure and long mass-transfer distance
(Figure 1a), leading to poor reaction eﬃciency. Nickel foam
(NF) with an open macropore structure of 200−500 μm pores
and relatively high mechanical strength can act as a suitable
porous electrode skeleton for the electrochemical oxidation of
ammonia.14,16 When a NF framework is coupled with a ﬂowthrough operation mode (Figure 1b), the porous electrodes
with microscale diﬀusion distance compel the solution to
12597
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PANalytical Inc. diﬀractometer (λ = 1.5418 Å). The
morphology was investigated by a Zeiss ﬁeld emission scanning
electron microscopy (SEM). Transmission electron microscopy (TEM) images and energy dispersive spectroscopy
(EDS) were observed using a high-resolution JEOL-2100 F
TEM. Atomic force microscopy (AFM) images were generated
by a Bruker Dimension Icon atomic force microscope in the
tapping mode. X-ray photoelectron spectroscopy (XPS) was
carried out with a PHI5000 VersaProbe system. In situ Raman
spectra were collected using a Renishaw confocal Raman
spectroscopy system with a 633 nm excitation laser.
2.5. Electrochemical Measurement. The electrochemical measurements of materials were performed with an
electrochemical workstation (Gamry Interface1000, USA) at
room temperature. In a standard three-electrode system, a
graphite rod was used as the counter electrode, and a saturated
calomel electrode (SCE) was applied as the reference
electrode. An Ag/AgCl (3.5 M) electrode was used as the
reference electrode in in situ Raman measurements. All
measured potentials were converted to reversible hydrogen
electrode (RHE) by the following equation: E (RHE) = E
(SCE) + 0.059 × pH + 0.242. Electrochemical impedance
spectroscopy (EIS) measurements were collected with a
frequency range of 105 to 10−1 Hz at 1.0 V (vs RHE) with
an amplitude of 10 mV. For two-electrode mode electrolysis,
Pt wire or Ni2P-s/NF was employed as the cathode in a beaker
experiment or the ﬂow-through system, respectively. Polarization curves were obtained using linear sweep voltammetry
(LSV) with a scan rate of 5 mV s−1.
2.6. Analysis Methods. The concentration of ammonium
nitrogen was determined by Nessler’s reagent spectrophotometry. Nitrate and nitrite ions were detected by ion
chromatography (Dionex 2000). EC (kW h kg−1 N) was
calculated by eq 2

electrocatalytic ammonia oxidation. The novel reactor oﬀers a
promising interface and system with the goal of eﬃcient
treatment of ammonia-containing wastewater.

2. MATERIALS AND METHODS
2.1. Materials. Nickel nitrate hexahydrate, ammonium
ﬂuoride, urea, absolute ethanol, ammonium sulfate, sodium
sulfate, sodium chloride, sodium nitrate, sodium carbonate,
sodium hydroxide, and hydrochloric acid were purchased from
Sinopharm Chemical Reagents Beijing Co., Ltd. (China).
Sodium hypophosphite was purchased from Sigma-Aldrich. All
purchased reagents were used as received without further
puriﬁcation. NF was purchased from Shanxi LZY Battery
Materials Co., Ltd., and chemical polishing was used to gain a
clean surface. The chemical polishing procedure for NF was
ﬁrst ultrasonically pretreated with 3 M HCl solution for 20 min
to remove the surface oxidation layer and followed by
ultrasonically treatment with deionized water and absolute
ethanol. The ultrapure water (18.2 MΩ cm −1 ) used
throughout all experiments was puriﬁed by a Milli-Q Plus
system (Millipore).
2.2. Catalyst Preparation. The Ni2P-s/NF electrodes
were synthesized by a hydrothermal treatment followed by a
phosphorization process. 1.454 g of Ni(NO3)2·6H2O, 0.556 g
of NH4F, and 1.502 g of (NH2)2CO were successively
dissolved in a 35 mL of water solution with vigorous stirring.
After that, the homogeneous solution and the cleaned NF were
transferred into a Teﬂon-lined stainless-steel autoclave (50
mL), maintained at 100 °C for 6 h, and cooled naturally. The
substrate was washed thoroughly with water and absolute
ethanol and dried in an electric oven to obtain the precursor
Ni(OH)2/NF. To prepare Ni2P-s/NF electrodes, NaH2PO2
and the resulting precursor foam were put in two separate
positions in a tube furnace with NaH2PO2 at the upstream
side. The furnace was heated to the reaction temperature of
300 °C with a heating speed of 2 °C min−1 and held for 2 h
and then cooled to room temperature under an Ar atmosphere.
The Ni2P-f/NF electrode was prepared using the same
procedure except for the hydrothermal treatment. Identical
experimental conditions were used for preparing electrodes in
the hierarchical porous reactor with ampliﬁed electrode area
and material content.
2.3. Degradation of Ammonia by the Hierarchical
Porous Reactor. The hierarchical porous reactor mainly
comprises an intake chamber (32 mm × 32 mm × 20 mm
eﬀective volume), hierarchical porous Ni2P electrodes (40 mm
× 40 mm), dielectric Teﬂon meshes, outtake chamber (32 mm
× 32 mm × 20 mm eﬀective volume), and current collectors.
The bifunctional porous Ni2P cathode and anode sandwich a
∼100 μm thick dielectric Teﬂon mesh, and the reactor
contains two anode pieces (20.48 cm2) and two cathode pieces
(20.48 cm2). An 80 mL of ammonia-containing solution
(0.05−0.2 M NH3−N) with a ﬂow ﬂux of 0.6 L h−1 ﬂowed
through the reactor. The initial solution pH (11−13) was
adjusted with 3 mol L−1 NaOH. The cell voltage was set from
1.6 to 2.0 V. Once the degradation began, 1.5 mL of the
reaction solution was collected from the eﬄuents at given time
intervals. The durability of the electrodes and the reactor was
investigated during 20 days of continuous operation. Between
each experiment, the reactor was rinsed with DI water and the
solution to be degraded.
2.4. Material Characterization. X-ray diﬀraction (XRD)
data of samples were collected at room temperature on a

t

EC =

Ecell∫ I dt
0

(C0 − Ct )V

× 103

(2)

Current eﬃciency can be calculated by eq 3
CE =

nF(C0 − Ct )V
t

3600M∫ I dt

× 100%
(3)

0

The internal circulation electro-oxidation ﬂux was calculated
in 24 h ﬂow-through experiments, with the eﬀective electrode
area of 0.0004 m2 in 0.08 L of solution (eq 4).
Elextrooxidation flux
([NH3]0 − [NH3]t ) (mol ·L−1) × volume (L)
=
effective electrode area (m 2) × oxidation time (h)
(4)

where Ecell is the voltage of the ﬂow-through cell (V), I is the
current (A), t is the reaction time (h), C0 is the initial
concentration (mg L−1) of NH3−N, Ct is the concentration
(mg L−1) of NH3−N at electrolysis time t (h), V (L) is the
volume of solution (0.08 L), F is the Faraday constant (96
485.3 C mol−1), M is the molar mass of NH3−N (14 000 mg
mol−1), and n is the number of electrons transferred.
2.7. CFD Simulation Study. The ﬂow behaviors of the
Ni2P-s/NF and Ni2P-f/NF electrodes were simulated by
solving the incompressible Navier−Stokes equations using
the software package COMSOL Multiphysics 5.5. The water
12598
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Figure 2. Structure and performance of the ammonia oxidation reactor (ﬂow-through ﬂux = 0.6 L h−1). (a) Schematic of the hierarchical porousstructured electrocatalytic reactor based on bifunctional multi-channel Ni2P-s/NF electrodes. (b) EC and CE of the intermediate-free ammonia
degradation operation (inset: i−t curves at diﬀerent cell voltages). (c) Inﬂuence of pH ([(NH4)2SO4]0 = 0.05 M) on ammonia removal. (d)
Conversion of ammonia to nitrogen-containing byproducts as a function of reaction time. (e) Inﬂuence of the ammonia concentration (pH = 12,
applied cell voltage = 2 V) for ﬂow-through operation.

ﬂow moved vertically in the ﬂow-through electrode system.
The average size of the macro-channels in NF was set as 250
μm, and approximately four layers of macro-channels were
modeled with a periodic boundary condition to simulate the
thickness of ∼1 mm. For the ﬂow-by system, the water ﬂow
direction was set parallel to the substrate plane. The dynamics
of a ﬂuid is deﬁned by the Navier−Stokes equations (eqs 5 and
6), where ρ is the density, u is the velocity, μ is the viscosity, p
is the pressure, and I is the identity matrix. In the simulations,
the density and viscosity of the ﬂuid were 1000 kg/m3 and
0.00101 Pa·s, respectively. A pressure diﬀerence of 1 Pa was set
on opposite boundaries. Then, the ﬂow ﬁeld through the

geometry was obtained. The arrangement of nanosheets and
the size of nanopores are reference to Figure 3c SEM.
ρ

∂u
+ ρ(u ·∇)u = ∇·( −pI + μ(∇u + (∇u)T ))
∂t

∇·u = 0

(5)
(6)

3. RESULTS AND DISCUSSION
3.1. Structure and Performance of the Hierarchical
Porous Reactor. The structure of the hierarchical porous
reactor is exhibited in Figure 2a. The intake chamber allows
the inﬂuent to be uniformly dispersed before contact with the
12599
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the NO3− product is also relatively low. When pH = 12,
however, the weaker reduction of NO3− and the medium water
oxidation activity led to the higher yield of NO3−. Surprisingly,
the production of byproducts was dramatically suppressed (to
<15%) compared to previous reports (∼50%),14,15 and the
three-electron-transfer pathway coupled with ﬂow-through
operation mitigate mass transport limitations, suggesting the
superiority of the reaction system.
One of the advantages of the electrocatalytic ammonia
oxidation system involving non-noble metal Ni2P-s/NF
electrodes is the lack of deactivation under high ammonia
concentration conditions. Degradation proﬁles at diﬀerent
initial ammonia concentrations at 2 V are plotted in Figure 2e.
The electro-oxidation ﬂux showed linear growth when the
ammonia concentration increased, indicating the electrodes’
tolerance for high ammonia concentrations. In the ﬂowthrough mode, the convection-enhanced mass transport
eliminated the concentration gradient-derived long diﬀusion
time, enabling the maximum utilization of each active site.
Meanwhile, the degradation capacity of the Ni2P-s/NF
electrodes remained at the same level in the presence of Cl−
and slightly decreased with the coexistence of NO3− and
CO32− ions, indicating that the proposed ﬂow-through
advanced oxidation platform is suitable for the removal of
ammonia in various water matrixes (Figure S5). The
adsorption and reduction of NO3− and CO32− at the Ni2P-s/
NF cathode become competing reactions with hydrogen
evolution reaction. The reduction of NO3− would slightly
increase the total ammonia concentration (Figure S5, inset),
and the large thermodynamic barriers with sluggish dynamics
for carbon dioxide reduction impede the anodic ammonia
oxidation, thereby slightly decreasing the degradation performance. The role of the cathode in the EAOP system was further
investigated. Ni2P-s/NF and graphite served as the cathode
and anode to investigate the reduction of nitrite and nitrate at
the Ni2P-s/NF. We also used Ni2P-s/NF as the anode and Pt
as the cathode to investigate the oxidation of ammonia at the
anode. As shown in Figure S4a, the concentration of NO3−
decreased from 128.25 to 97.92 mg/L at pH = 12, and NH3−
N is the main transformation product. However, NO2− rapidly
converted into NH3 and NO3−, demonstrating the priority of
the reduction of NO2− by the Ni2P-s/NF cathode and the
strong oxidative capacity of the system (Figure S4b). By using
Pt as the cathode (Figure S4c), the concentration of NO3− was
slightly increased compared to the Ni2P-s/NF cathode. The
Ni2P-s/NF cathode has the ability to reduce nitrate/nitrite, but
the limited cathode reduction activity did not increase the EC
signiﬁcantly and decreased the nitrate/nitrite byproducts in the
system. When pH = 13, the reduction capacity of NO3−
increased, which lead to a relatively low concentration of
NO3− in the system.
3.2. Porous Electrode Design and Flow Field
Optimization. The excellent ammonia oxidation performance
can be attributed to the interface design, which improves the
electrochemical conversion eﬃciency, and ﬂow ﬁeld optimization, which enhances the mass transfer. For the interface
design, NF with macro-channels of ∼200−500 μm acted as
both, a 3D skeleton and conductive substrate (Figure S6a).
The zig-zag network enlarged the surface area compared to
conventional metal plates and provided microﬂuidic channels
for the aqueous solution to ﬂow through.22 After the
hydrothermal reaction, the open-linked ionic pathway was
well maintained and completely covered by interconnected

electrode, and the bifunctional Ni2P-s/NF electrodes were
stacked piece-by-piece with non-conducting Teﬂon mesh
separators. Subsequently, the overall electrocatalytic system
was established for ﬂow-through operation. The inﬂuence of
the applied cell voltage, pH, ammonia concentration, and
coexisting ions on the rates of ammonia conversion in the ﬂowthrough system was systematically investigated.
As shown in Figure S2a, the degradation was enhanced with
increasing cell voltage from 1.6 to 2.0 V. The negligible
degradation diﬀerence between 1.8 and 2.0 V indicated that
further increase in the cell voltage would aggravate side
reactions (e.g., the OER process), leading to more EC and less
current eﬃciency (CE). The ammonia oxidation eﬀect of the
hierarchical porous-structured reactor was superior to the
control reactor with 2D traditional Ni2P-f/NF electrodes,
especially at 1.6 V (2.1 times) (Figure S2b). An appropriate
EC of 25.42 kW h kg−1 N was achieved at 1.8 V (Figure 2b),
which is 1 order of magnitude lower than that for activechlorine-mediated ammonia oxidation.19,20 The CE of the
hierarchical porous-structured reactor was calculated by eq 3,
and the corresponding i−t curves at diﬀerent cell voltages are
presented (Figure 2b, inset). The CE increased from 30.87 to
52.47% when the cell voltage decreased from 2.0 to 1.6 V.
OER was the competitive side reaction with ammonia
oxidation and was suppressed under lower voltage. For
comparison, the CE for active chlorine-mediated ammonia
oxidation at a current density of 3 mA cm−2 was 6.7, 14.6, and
46.1% for 10, 20, and 50 mM Cl−, respectively.19 This means
that the Ni2P electrode-based catalytic process exhibited higher
energy utilization eﬃciency compared to the active-chlorinemediated indirect oxidation process.
The eﬀect of solution pH on ammonia oxidation at 1.8 V is
shown in Figure 2c. Since the dissociation constant of the
NH4+/NH3 equilibrium is 10−9.25,10 dissolved ammonia
molecule (NH3) is the dominant species in solution when
pH > 11. We investigated the escape of ammonia and the
adsorbance of ammonia by the electrode at high pH values
(pH = 13) (Figure S3). Due to the system being well sealed,
the escape of ammonia and the adsorbance of ammonia by the
electrode can be negligible. Compared with the huge EC and
air pollution associated with air stripping, the electrocatalytic
ammonia oxidation technique uses low cell voltage (e.g., 1.8 V)
and an electronic reactant to convert ammonia species to
nitrogen. As ammonia oxidation ﬁrst appeared on the
adsorption of NH3 to high-valence Ni(III) species, higher
pH is favorable for the progress of the reaction, consistent with
the experimental results. After a 24 h experiment, the ammonia
concentration was reduced to 400 ppm when pH = 13. The
change in pH also aﬀects the corresponding conversion
products (Figure 2d). Nitrate (NO3−) is the major byproduct
at lower pH, and only a small amount of nitrite (NO2−) is
produced due to the strong oxidative capacity of the electrooxidation system. The NO2− and NO3− might be formed
during the oxygen-transfer reaction which pass oxygen atoms
to the ammonia molecule.15,21 NO3− at pH = 12 is relatively
higher than pH = 11 and pH = 13. When pH = 13, as shown in
Figure S4d, the reduction of NO3− was enhanced compared to
pH = 12 (Figure S4a). Therefore, more byproducts (NO3−)
have been reduced, and the concentration of NO3− in the
system is relatively low. At pH = 11, the OER is dramatically
suppressed, and the oxygen-containing species are less exposed
to NHx species. Since NO3− byproducts can be formed during
the oxygen-transfer reaction with oxygen-containing species,
12600
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Figure 3. Morphology characterization and CFD simulation. SEM image of the as-prepared ﬂow-through electrode with (a) macro-channel, (b)
meso-channel, and (c) micro-channel. The ﬂow behaviors of the permeable porous electrode with (d) ﬂow-through mode and (e) ﬂow-by mode.
The nanoscale ﬂow ﬁeld distribution for (f) vertically aligned holey nanosheets and (g) rough surface.

respectively.25,26 The characterization results showed that a
multilevel porous Ni2P nanosheet/NF (Ni2P-s/NF) ﬂowthrough electrode for ammonia oxidation was successfully
fabricated.
For the sake of comparison, ﬂat Ni2P/NF (Ni2P-f/NF) with
a featureless coarse surface was also prepared (Figure S9). In
sharp contrast to the porous structure of Ni2P-s/NF, the
traditional planar structure only retained the macro-channels of
the NF skeleton, leaving less conﬁned reaction interspace and
poor interfacial contact between active sites and reactants.
The major limitations of current electrocatalytic reactors
include low mass-transfer eﬃciency and low electron-transfer
eﬃciency. The mass-transfer eﬃciency aﬀects reactants moving
to the electrocatalyst surface and the escape of reaction
products.27 Computational ﬂuid dynamics (CFD) simulation
was implemented to visualize the macroscale velocity ﬁeld
diﬀerence for water in a ﬂow-through mode versus ﬂow-by
(immersed) mode, for comparison of the mass transport
(Figure 3d,e). For a ﬂow-through mode, designing a structure
with an ordered porous framework through which the water
can ﬂow is signiﬁcant. As shown in Figure 3d, the velocity
magnitude contour in the 3D porous network with a ﬂowthrough mode revealed an enhanced and homogeneous
microﬂuidic ﬂow distribution in the macro-channels of the
network. This distribution enables improved diﬀusion of
ammonia species to the active centers at the interface and
optimizes desorption and diﬀusion of products. For comparison, without the intensiﬁed plug-ﬂow process, the ﬂow-by
mode cannot take full advantage of the inner porous
interspace, leaving the reaction “hotspots” centered at the
surface of the bulk electrode (Figure 3e). Therefore, simulation
of the ﬂow pattern showed that plug-ﬂow through the holey

nanosheets (Figure S6b). SEM imaging at diﬀerent magniﬁcations revealed a typical surface of the self-supported
electrode after the phosphorization treatment (Figure 3a−c).
A well-deﬁned multilevel porous structure was obtained, with
meso-channels from the interconnected nanosheets and microchannels penetrating each nanosheet shown in the enlarged
image (Figure 3c). Additionally, the TEM image shown in
Figure S7a further conﬁrmed the holey 2D lamellar structure.
The thickness of nanosheets was examined by the tapping
mode AFM, showing an average height of ∼2.6 nm (Figure
S7d,e). Because of these unique and numerous inner pores and
ultrathin nanosheets, high exposure of the active surfaces and
edges was induced for the potential enhancement of the
catalytic ability, and nano-ionic channels strengthened the
utilization of each active site for improved catalytic eﬃciency.
Meanwhile, to verify the composition of the as-prepared
electrode, multiple characterization techniques such as EDS
mapping (Figure S8), high-resolution TEM (HRTEM)
(Figure S7b), XRD (Figure S7c), and XPS (Figure S7f,g)
were employed. As shown in Figure S8, Ni and P atoms are
homogeneously distributed in the Ni−P structure. The
diﬀraction peaks at 2θ values of 40.7, 44.7, and 47.4° can be
ascribed to the (111), (021), and (210) crystal planes of Ni2P
(ICCD card no. 03-065-9706), respectively, consistent with
the HRTEM image showing an interplanar spacing of 0.22 nm.
In the XPS spectra of Ni 2p, in addition to the bands at 861.7
and 879.9 eV related to satellite bands,23 two peaks at around
853.4 and 870.7 eV should be assigned to Ni 2p3/2 and Ni
2p1/2 in the Ni−P compound and the peaks at 856.7 and 874.6
eV assigned to Ni−O bonds.17,24 In addition, the P 2p
spectrum presented two peaks at 129.2 and 133.1 eV, which
corresponded to phosphide (P−M) and phosphate (P−O),
12601
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Figure 4. Ammonia oxidation process study. (a) CVs of the Ni2P-s/NF electrode in 0.05 M (NH4)2SO4 solution and alkaline solution (pH = 13).
(b) Schematic illustration of the home-made in situ Raman spectroscopy apparatus. (c) Operando Raman spectra and (e) proposed mechanism for
Ni2P-s/NF during the OER process in 1 M NaOH. (d) Operando Raman spectra and (f) proposed mechanism for Ni2P-s/NF during the AOR
process in 1 M NaOH with 0.25 M (NH4)2SO4.

3.3. Intermediate-Free Ammonia Oxidation Mechanism of Porous Ni2P-s/NF Electrodes. To uncover the
ammonia oxidation mechanism by the non-noble metal Ni2P
electrode and provide a new insight into the electrocatalytic
active centers, the cyclic voltammetry (CV) response was
recorded for the Ni2P-s/NF anode in both ammoniacontaining solution and alkaline solution (Figure 4a). It has
been widely accepted that the actual surface-active sites of
transition-metal phosphates in alkaline OER are high-valence
metal hydroxides28,29 and that the conversion of P to
phosphates takes place at the catalyst surface.30 The OER
catalytic mechanism of Ni2P-s/NF in alkaline solution was
similar to the proposed adsorbate evolution mechanism
(Figure 4e).31 As shown in Figure 4a, a pair of redox peaks
in 0.1 M NaOH can be attributed to the faradaic
interconversion between NiII(OH)2 and NiIIIOOH. With the
potential further increased, NiIIIOOH on the surface of Ni2P-s/
NF was oxidized into NiIV peroxide to produce O2 with the
regeneration of NiIIIOOH.32 Intriguingly, in the presence of
(NH4)2SO4, the disappearance of the redox peaks (NiII ↔
NiIII) revealed the presence of a diﬀerent oxidation pathway
during the ammonia oxidation reaction (AOR).
In situ Raman spectroscopy was then performed in a homemade apparatus to visualize the phase transformation of Ni
species under a continuously varied potential (Figure 4b). The
Raman spectra, as shown in in Figure 4c, were acquired by
changing the applied potential (vs Ag/AgCl) in 1 M NaOH. At
working potentials lower than 0.38 V versus Ag/AgCl, typical
bands located at 452 and 496 cm−1 can be assigned to the βNi(OH)2 structure.33 When the potential increased to 0.38 V
versus Ag/AgCl, the pair of bands located at 477 and 559 cm−1
were attributed to Ni−O vibrations in NiOOH.34 Since βNiOOH exhibits a lower intensity ratio for I1 (477 cm−1)/I2
(559 cm−1) and higher OER activity than γ-NiOOH,35 the

structure is a near-perfect feeding mode to enhance the
macroscopic mass transfer.
In addition, the interface structure design was investigated to
boost microscopic mass transport coupled with the utilization
of as-activated high-valence metal sites (for enhancing
electron-transfer eﬃciency). Subdividing the macroscopic
ﬂow space into numerous nanoﬂuidic channels would increase
the accessible reaction interface. After constructing vertically
aligned 2D holey nanosheets on the 3D porous skeleton, the
conﬁned space induced by the interconnected nanolayers and
the permeable nanoholes penetrating each nanosheet will act
as nanoreactors. As simulated in Figure 3f, the nanoscale
convection induced by interconnected meso-channels and
inner open micro-channels strengthens the contact between
the accessible active surface and the contaminants, hence
increasing the nanoscale mass transfer. Besides, the higher
velocity ﬁeld in the central part of the nanoreactors improves
the concentration gradient distribution in the vertical direction
of the ﬂow ﬁeld. Therefore, apart from the plug-ﬂow process,
the spontaneous diﬀusion caused by the distinct concentration
gradient will drive pollutants to the boundary, as indicated by
Fick’s law. The nanoscale diﬀusion distance eﬀectively shortens
the time for mass transport in the interfacial region, resulting in
high electron-transfer eﬃciency. In contrast, limited nanoscale
diﬀusion/convection was generated near the surface of the ﬂat
interface (Figure 3g), and the microscale migration distance
impeded the electron transfer between ammonia and active
sites on the boundary. Thus, the combination of a macroscopic
ﬂow-through process and microscopic conﬁned spaces would
enable thorough and eﬃcient reaction of the targeted
contaminant with the metal sites. Hence, designing a
macroporous non-noble metal network integrated with a
nanoarray porous structure would create an ideal interface for
electrocatalytic ammonia degradation.
12602

https://doi.org/10.1021/acs.est.1c02825
Environ. Sci. Technol. 2021, 55, 12596−12606

Environmental Science & Technology

pubs.acs.org/est

Article

Figure 5. Electrochemical characterization of porous NF-based electrodes. (a) EIS measurements in 0.25 M (NH4)2SO4 (pH = 11), (b) CV curves,
(c) GCD curves in 1 M NaOH, and (d) polarization curves for Ni2P-s/NF, Ni2P-f/NF, pristine NF, and Pt foil. (e) Multistep chronoamperometry
curves of Ni2P-s/NF(+)||Pt wire(−) at diﬀerent voltages in 0.25 M Na2SO4 (pH = 11) or 0.25 M (NH4)2SO4 (pH = 11). (f) Current responses of
Ni2P-s/NF and Ni2P-f/NF to step-by-step injections of (NH4) 2SO4 solution into 1 M NaOH; anode potential was set as 0.35 V versus SCE. The
current density as a function of ammonia concentration is plotted in the inset.

for ammonia oxidation on Ni-based electrodes in alkaline
solution is NiIIIOOH and includes redox of nickel hydroxide
(II−III−II) through an intermediate-free three-electronoxidation pathway.
3.4. Comparison of the Eﬀects of Electrode Structures and Solution Properties on the Electrochemical
Performance. The electron transfer exhibits a close relationship to the redox performance, especially in the intermediatefree catalytic process (namely, the active sites are immobilized
at the surface of the electrode). EIS measurements for Ni2P-s/
NF, Ni2P-f/NF, and pristine NF revealed the charge transfer
between active sites and the ammonia-containing solution
(Figure 5a). The Nyquist plot for Ni2P-s/NF shows the
smallest semicircle, indicating that eﬀective electron transfer
originated from the interconnected open micro-, meso-, and
macro-channel highly conductive networks. The electrochemical activities for samples were further evaluated by CV
at scan rates from 2 to 50 mV s−1 in 1 M NaOH (Figure 5b).
The clear redox peaks resulted from the faradaic process of
Ni(II)/Ni(III) interconversion.33,37 The increased speciﬁc
surface area enlarged the redox peak area of Ni2P-s/NF in
comparison to that of Ni 2 P-f/NF and pristine NF.
Furthermore, the electrical double-layer capacitance was
determined by CV measurements to evaluate the electrochemical surface area (ECSA) (Figure S11). The capacitance
of Ni2P-s/NF (15.14 mF cm−2) was 5.69-fold higher than that
of Ni2P-f/NF (2.66 mF cm−2), conﬁrming high exposure of
active surfaces and edges. Galvanostatic charge−discharge
(GCD) measurements were also performed at a current
density of 50 mA cm−2 for Ni2P-s/NF to investigate the
capacitive behavior (Figure 5c). It is worth mentioning that a
porous backbone and accessible surface will result in a shorter
diﬀusion distance, more ionic channels, and better electrochemical capacitance,38 leading to the observed ∼77 s
discharge time reached by Ni2P-s/NF.
Therefore, the 3D hierarchical porous structure oﬀers an
ideal electroactive surface for pollutant degradation. The

calculated intensity ratio (Table S1) indicated the phase
transformation of γ-NiOOH to β-NiOOH at high potential for
OER catalysis. The lack of a NiIV signal was due to the rapid
reaction of NiOO2 with OH− to return to β-NiOOH,
consistent with the CV curves. After addition of 0.25 M
(NH4)2SO4 to the electrolyte, the disappearance of NiIIIOOH
peaks (477/559 cm−1) was due to the direct oxidation of
adsorbed state ammonia [(NH3)ads] by in situ generated
Ni(III) species, resulting in rapid formation of NiII(OH)2
(Figure 4d). The proposed intermediate-free ammonia
oxidation mechanism is shown in Figure 4f. Once the ammonia
molecule encountered NiIIIOOH at the electrode surface, the
H atom from the adsorbed NH3 was removed by reacting with
OH − groups near the catalyst surface. The reaction
intermediates formed on Ni metal tend to follow the hydrazine
formation pathway, which occurs through the minimumenergy pathway.9,36 Then, the neighboring *NH2 species is
readily bound with the newly formed NHx (x = 1 or 2) group
and progressively dehydrogenated by OH− followed by
desorption of N2 and regeneration of Ni(II) species. The
signal of NHx is not observed from 100 to 3000 cm−1 in this
system by in situ Raman spectra (Figure S10). Due to the fact
that NO2− and NO3− byproducts can be formed during the
oxygen-transfer reaction with oxygen-containing species, a
fraction of (NH3)ads would react with OH− and over-oxide to
form NO2− and NO3−. According to Figure 2c, the rough N
balance reaction equation under a typical condition [pH = 12,
cell voltage = 1.8 V, 0.05 M (NH4)2SO4] is shown in eq 7.
NH3(aq) + 3.6OH−
→ 0.45N2 (g) + 0.1NO3− + 0.003NO2− + 3.3H 2O
+ 3.5e−

(7)

The main product for NH3 oxidation is N2, and the
byproducts of NO2− is almost negligible. Based on these
ﬁndings, we took the view that the electrocatalytic active center
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Figure 6. Durability performance of the Ni2P-s/NF electrode-based hierarchical porous-structured reactor in the removal and conversion of
ammonia under diﬀerent pH conditions, applied cell voltage, ammonia concentration, and coexisting ions. The high eﬃciency and long-term
stability showed remarkable resistance to varying water quality.

diﬀerences in the catalytic activity of the anode reaction. As
shown in Figure 5e, compared with the low current density in
the absence of ammonia under the low bias voltage of 1.40 V,
∼2.2-fold increased currents were obtained after the addition
of ammonia. The current disparities between AOR and OER
were remarkably enlarged when the bias voltage further
increased. Since the HER is coupled with the anodic reaction,
the H2 production capacity was further enhanced when the
voltage increased to 1.70 V, with a current density of 17.8 mA
cm−2 in the presence of ammonia. The eﬀect of the ammonia
concentration on the electrocatalytic activity was also
investigated (Figure 5f). The ammonia concentration varied
from 0 to 250 mM in 1 M NaOH by a stepwise injection of
(NH4)2SO4 solution. The oxidation current increased linearly
under relatively low ammonia concentration (inset), indicating
that mass transfer in the electrolyte was the limiting factor.
When the ammonia concentration was higher than 160 mM,
the sluggish current increase observed may be due to the
partial saturation of accessible active sites. By comparison,
Ni2P-f/NF with less speciﬁc surface area and active sites
reached the inﬂection point earlier (inset). Furthermore, the
porous advanced oxidation Ni2P-s/NF platform exhibited 2.7
times higher current density than Ni2P-f/NF at ∼250 mM
ammonia concentration. The non-deactivating nature of Ni2Ps/NF at high concentrations of ammonia means that it can
serve as a suitable anode for electro-degradation of ammonia.
The HER activity of the Ni2P-s/NF electrode was investigated
by LSV measurements in 1 M NaOH with and without 0.25 M
(NH4)2SO4 at 10 mV s−1 (Figure S13). The HER polarization
curve remained almost constant at high current density after
the addition of (NH4)2SO4, revealing high activity in the
presence of contaminant.
3.5. Continuous Operation of the Hierarchical Porous
Structured Reactor. A long-term durability test of the
hierarchical porous-structured reactor with 20 days of
continuous operation for electrocatalytic oxidation of ammonia
was performed and recorded with variations in pH, applied cell
voltage, and ammonia concentration (Figure 6 and Table S2).
Although the oxidation eﬀect of ammonia did not seem to be
diﬀerent with the variation of pH, the byproducts such as
NO3− showed diﬀerence at diﬀerent pH values. The reduction
of the cathode and the OER side reaction would aﬀect the
concentration of nitrate. After 20 days, the porous Ni2P-s/NF
electrode still retained >90% of its initial performance (Figures

electrode reactions for ammonia electrolysis are described in
eqs 8−10
anode: 2NH3(aq) + 6OH− → N2(g) + 6H 2O + 6e−
E° = −0.77 V vs SHE

(8)

cathode: 6H 2O + 6e− → 3H 2(g) + 6OH−
E° = −0.83 V vs SHE
overall: 2NH3(aq) → N2(g) + 3H 2(g)

(9)

E° = −0.06 V
(10)

The electrocatalysis of the conversion of ammonia to
nitrogen takes place at much lower cell voltage than water
splitting (0.06 V compared to 1.23 V).39 Therefore, ammonia
in water can be preferentially oxidized to generate nitrogen and
valuable hydrogen at low bias instead of the energy-intensive
OER. To verify this point, LSV was performed in a twoelectrode system in 0.25 M (NH4)2SO4-containing wastewater
(pH = 11). For actual electrocatalytic oxidation of ammoniacontaining wastewater and the reactor operation, anode
(working electrode) and cathode (counter electrode) are
used as electrodes without reference electrode. Therefore, the
two-electrode system can reﬂect the activity of the Ni2P-s/NF
anode close to the real reaction environment. Ni2P-s/NF
exhibited the lowest onset voltage for AOR at ∼0.6 V, and only
1.40 V was required to drive the current density of 10 mA
cm−2 (Figure 5d). Considering the large overpotential (η)
above the thermodynamic potential of water oxidation for nonnoble metal materials (e.g., >270 mV),40,41 the current
contribution under 1.5 V is mainly due to ammonia oxidation.
Besides, the polarization curves normalized by ECSA are
presented in Figure S12. Ni2P-s/NF has the higher intrinsic
ammonia oxidation activity with the higher current density at
low voltage. Due to the mass-transfer limitation at high voltage,
the current density contributed by each active site relatively
decreased compared to Ni2P-f/NF. Moreover, ammonia
oxidation activity of porous Ni2P-s/NF is dramatically better
than Ni2P-f/NF, pristine NF, and even better than the Pt foil
(1 cm × 1 cm) benchmark (Figure 5d). The 3D hierarchical
porous electrode could serve as an excellent platform for
electrocatalytic ammonia oxidation.
Multistep chronoamperometry measurements of Ni2P-s/NF
at diﬀerent voltages in 0.25 M Na2SO4 (pH = 11) or 0.25 M
(NH4)2SO4 (pH = 11) were then performed to investigate
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6 and S14). The concentration of Ni ions in the solution was
around 2.3 ppm detected by ICP−OES. The disassembled
electrodes were investigated by SEM, XRD, XPS, and TEM
(Figure S15). As shown in Figure S15a, the framework
structure of the Ni2P-s/NF with microﬂuidic channels was still
maintained. Due to the formation of the surface amorphous
layer (NiOOH), the diﬀraction peak intensity of the Ni2P
structure (Figure S15b) dramatically decreased compared to
the original electrode (Figure S7c). The intensity of Ni−O
bonds of Ni 2p in the XPS spectra also prominently increased
(Figure S15c), in accordance with the result of XRD.
Moreover, HRTEM revealed an amorphous layer on the
electrode surface (Figure S15d). The excellent durability
toward variations in water quality was attributed to the ﬂowthrough mode coupled with low operation voltage, which
provides steady transport of reactants and prevents the
decomposition of the anode. In addition, the binder-free
nature with open framework provides stable and adequate ﬂow
channels, which helps preserve the main structure after longtime operation.
3.6. Environmental Signiﬁcance. Direct three-electrontransfer electrocatalytic ammonia oxidation is one of the
promising strategies for medium-concentration ammoniacontaining wastewater treatment. In this study, we fabricate a
3D freestanding hierarchical porous electrode Ni2P-s/NF and
assemble a novel ammonia oxidation reactor to realize Ni(III)mediated ammonia oxidation. 20 days of continuous operation
with low EC and low byproduct yield suggests the superiority
of electrode microstructure design and the ﬂow ﬁeld
optimization.
This study used a clean matrix in a controlled laboratory
setting to investigate the operation eﬀect. To convert this
laboratory-scale study into real actual wastewater applications,
there are still some challenges and strategies to be evaluated.
The challenges are including (1) large-scale electrode synthesis, (2) reactor integration, and (3) regeneration of the
anode. The large-scale electrode synthesis is limited by the size
of the stainless-steel autoclave. For reactor integration, the
hierarchical porous-structured reactor is adapted to low metalion concentration wastewater to retard fouling. The strategy
for regeneration of the fouling cathode is to rinse with 3 M
HCl to remove the surface fouling layer and followed by
rephosphorization. The regeneration of the anode can use
direct rephosphorization. Above all, the cost of the Ni-based
electrode is lower than the noble metal electrode. After dozens
of days’ operation, the electrode can be replaced by a new one.
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