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Electrocatalytic upcycling of nitrate (NO3) in wastewater into the valuable ammonium-based fertilizer has been
considered as a green and appealing alternative to biological nitrogen removal or the industrial ammonia (NH3)
production processes. This work investigated an innovative and energy-efficient electrolysis flow-through cell
consisting of a porous activated iron nickel (FeNi) alloy cathode and a hollow polypropylene fiber membrane
extraction unit to realize the electrochemical NO3 reduction and simultaneous upcycling to ammonium sulphate
salts ((NH4)2S0O4). Cathodic and anodic electrochemical half-reactions were coupled to enable NO3 reduction to
ammonia and in-situ acid/base productions to promote the membrane stripping of NHs. Our results show that
after electrolysis operation for 14 h for a synthetic wastewater containing 150 mM NOj3 under a cathodic current
density of 30 mA-cm 2, 99 % of NO3 removal efficiency, 98 % of ammonia selectivity, 93 % of Faradic efficiency
and 97 % of total ammonia nitrogen (TAN) recovery were achieved respectively. A NH3 recovery flux and a
specific energy consumption reached 2050 g-(NH,)2S04-m~2.d™! and 11 kWh-kg 1-(NH,4)2S04, respectively,
which outcompetes many reported processes. Direct electron transfer was the main mechanisms of electro-
chemical NO3 reduction to ammonia. Interfacial reaction thermodynamics and kinetics analysis of key in-
termediates (e.g., *NOs, *NO», and *NO) shows that the NiFe304 (3 1 1)-Ni site on the thermally activated FeNi
alloy surface exhibited higher reactivity and specificity toward electrochemical NO3 reduction to ammonia over
nitrogen (N2) or hydrogen (Hy) generation. Ultimately, this study aims to promote sustainable nitrogen nutrient
recovery and ammonia fertilizer synthesis from wastewater treatment.

nitrate (NO3) could be disintegrated into deoxygenated species with a
much lower energy of 204 kJ-mol ! [3]. Meanwhile, diverse wastewater

1. Introduction

The industrial production of ammonium fertilizers mainly relies on
the Haber-Bosch process [1], which involves the thermodynamically
unfavorable reactions between nitrogen (N3) and hydrogen (Hy) at high
temperatures (350-550 °C) and pressures (15-25 MPa) [2]. To react
with Ny, 941 kJ-mol ! is needed to break the N=N bond. By contrast,
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from photovoltaic, semiconductor manufacturing, and nuclear fuel
processing industries provides abundant sources of NO3 (e.g., 4-20 g-
nitrogen-L 1) that could threat the ecological safety and human health if
not properly treated [4]. Therefore, it is critical to develop effective
technologies to recover this important nutrient source and convert it
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into valuable products.

Direct electrocatalytic NO3 reduction into ammonia (NHj3) or
ammonium (NHZ) has proven promising for addressing the above ni-
trate pollution and sustainable nitrogen resource recovery. Over the past
few years, non-metallic carbon-based materials, monometallic based
materials (including precious metals such as Pd, Pt, Rh, Ru, Ir and
transition metals such as Cu, In, Sn, Fe, Ni, Ti, Co), and bimetallic based
materials have been widely studied toward the electrocatalytic reduc-
tion NO3 into NHj in the literature [5]. Among these, the bimetallic
electrocatalysts that combine the benefits of different metals exhibit
high catalytic activity and product selectivity. For example, CuNi alloy
catalysts were demonstrated for the electrochemical reduction of NO3 to
ammonia with a high Faradaic efficiency of 99 %, because of Ni alloying
can tune the adsorption energies of intermediates such as *NO3 and
*NO, for promoting the reduction of NO3 [6]. However, the complicate
and costly catalyst preparation for Cu based alloy catalysts has hindered
their practical applications. Inserted, Fe based electrocatalyst are
emerging as effective and economical options for denitrification due to
its unique advantages (e.g., cheap and easy to obtain, non-toxic and
harmless) [7]. But the reaction activities need to be further improved
since the formations of stable intermediates (*NOs, *NO,, and *NO) for
electrochemical NO3 reduction to ammonia or N» are the rate-limiting
steps in the entire reaction for Fe catalysts due to the difficulty of
breaking N—O [7]. In addition, the electrolytic conversion of NO3 to
ammonia is limited by the mass transfer of NO3 from the bulk solution
toward the cathode surface and the accumulation of gaseous products (e.
g., NHs, N, Hy and N2O) on the cathode surface [8]. Specifically, the gas
bubbles such as Hy and NHs generated on the electrode surface may
reduce the electrocatalytic active area, block ion transport channels, and
cause current drop due to a bubble layer formation between the cathode
and the electrolyte. Thus, effective stripping or abstraction of NH3 may
be an effective strategy to improve the efficiency of electrochemical
reduction of NO3 to ammonia.

There is a limited number of studies that reported the electro-
chemical nitrate reduction in combination with ammonia recovery. For
example, most common approaches such as air stripping [9], liquid-gas
membrane [10], electrodialysis [11], and struvite precipitation [12]
only complete NH3 extraction or stripping and are unable to produce
ammonia from the NO3 containing wastewater. Likewise, many elec-
trochemical studies just demonstrated the electrochemical reduction of
NO3 to ammonia without recovering the produced ammonia [13-15].
Therefore, the produced ammonia still remaining in the water would
certainly lead to the secondary pollution of water bodies. In our previous
study [16], we used a CuO@Cu foam and a flat-sheet polytetrafluoro-
ethylene membrane for reducing NO3 to ammonia and upcycling NHs
into (NH4)2SO4. However, this system showed a low Faraday efficiency
(15-55 %) and a low NHZ selectivity (78.7-85.1 %) with a total
ammonia nitrogen (TAN) recovery of only 78.6 %-85 % and high energy
consumption (21.8-33.5 kWh-kg’l-(NH4)2SO4), probably because of
the strong competitive hydrogen evolution reaction and interfacial mass
transfer on the three-phase cathodic membrane. Besides, the NH3 pro-
duction flux (436 g-N-m’2~d’1) was much faster than the NHj3 recovery
flux (220 g—N~m’2~d’1), which resulted in the ammonia accumulation
and an extended operation time of 3 h required to strip the produced
NHjs (even with the additional used of an aeration pump) after the
electrochemical nitrate reduction reaction ended.

In this study, we integrated a flow-through electrolysis cell using a
bimetallic iron nickel (FeNi) alloy as the cathode catalyst and a separate
hollow membrane device for NH3 extraction. This decoupling of the
electrochemical nitrate reduction and NHj stripping was demonstrated
to significantly improve the two processes compared to the two coupled
processes on the gas-permeable cathode membrane. The effects of
operation parameters (e.g., current density) and water matrices (NO3
and Cl™ concentrations) on electrochemical NO3 reduction and NH3
recovery were all investigated. Based on the density functional theory
(DFT) and scavenging experiments, the activity and mechanisms of
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electrolytic NO3 reduction to ammonia at the activated FeNi alloy
cathode was revealed. Finally, the performance of NO3 removal and
NHj recovery from real wastewater was also assessed to provide new
insights into the practical applications.

2. Materials and methods
2.1. Activated FeNi cathodic catalyst preparation

The bimetallic FeNi foam electrode (4 cm x 4 cm, purity >99.9 %, a
pore density of 95 pores per linear inch or ppi, a pore size of 0.26 mm,
and a thickness of 1 mm) was purchased from Kunshan Lvchuang
Electronic Technology Co., Ltd. (China). The FeNi foam was thermally
calcinated at 400 °C for 1 h at a heating rate of 5 °C min~! under a pure
oxygen atmosphere to activate the FeNi cathode by forming a FeNi oxide
layer [17]. After calcination, the obtained FeNi cathode was stored in
vacuum for future use. Other used chemicals are described in detail in
the section S1 of the supporting information (SI).

2.2. Material Characterization, chemical analysis, and electrochemical
tests

The structure and morphology of the cathode catalysts were char-
acterized by scanning electron microscope (SEM), transmission electron
microscope (TEM) and energy dispersive X-ray spectroscopy mapping
(EDS-mapping). X-ray diffraction (XRD) patterns were collected using a
Bruker D2 PHASER X-ray diffractometer within 20 angle range of 10°-
80°. The valence state and bonding structure of the elements were
determined by X-ray photoelectron spectroscopy (XPS, Thermo Fisher
ESCALAB 400Xi spectrometer with Al Ka radiation). The quantity of Fe
and Ni leached into the solution were analyzed by ICP-AES (ICP2060t,
Tianrui Co., China).

All electrochemical tests of catalysts were carried out in a typical H-
type reactor as illustrated in Fig. S1 in the section S2. The treated FeNi
bimetallic foam (1 cm x 1 cm), a saturated calomel electrode (SCE,
+0.241 V vs SHE), and a platinum foil (1 cm x 1 cm) were used as the
working electrode, the reference electrode, and the counter electrode,
respectively. According to the Nernst equation (Erug = Eag/agc1 + 0.059
pH + 0.197 V), all the potentials were converted into the potential of the
RHE. The cathode and anode chambers were separated by a proton
exchange membrane (PEM, Dupont, Nafion 117). Linear sweep vol-
tammetry (LSV), cyclic voltammetry (CV), and electrochemical imped-
ance spectroscopy (EIS) tests were performed on a CHI660E
electrochemical workstation (Chenhua Instrument Co., Ltd.; Shanghai;
China). LSV polarization curves with/without NO3 in the electrolyte
were performed at a scan rate of 100 mV-s~l. To obtain the electro-
chemical double-layer capacity (EDLC, Cqj), CV tests were conducted at
arate (v) of 10-50 mV~s’1, which was recorded at a potential step of 0.1
V near the open-circuit potential (OCP) to avoid faradaic processes
[18,19]. The Cq; value was calculated based on Eq. (1) according to the
response current values (I, and I.) and the scan rate. EIS analysis of the
pristine and thermally activated FeNi foam were conducted at the OCP
from —0.1 and —0.3 V/RHE, respectively, under the alternating current
within the frequency range from 10° to 10~2 Hz at an incremental
change of 5 mV in a electrolyte containing 5.0 mM KsFe(CN)g and 5.0
mM K4Fe(CN)g.

1, —1.
— = Cav )

2.3. Structure design and working principle of the continuous flow-
through electrolysis cell

Fig. la illustrates the conceptual design of this continuous flow-
through electrolysis cell integrating electrocatalytic NO3 reduction
with concurrent NH;3 recovery. Briefly, a titanium/ iridium oxide-
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Fig. 1. The schematic of the employed flow-through electrolysis cell and its operation principle. A photo of this benchtop setup with detailed annotation is provided

in Fig. S2.

ruthenium oxide (Ti/IrO,-RuOy) plate (4 cm x 4 cm) was purchased
from Yunxuan Metallic Materials Co. Ltd and used as the anode, which
was shown not to cause the direct oxidation of NHZ [20]. The FeNi foam
was used as the cathode and placed 6 mm away from the Ti/IrO2-RuO2
anode. The cathode and anode chambers were separated by the same

nafion PEM to prevent the diffusion of the active chlorine (HOCI or
OCI") from the anodic chamber into the cathode chamber, which could
oxidize NH4/NHj into Ny [21]. The synthetic NO3 wastewater or real
wastewater was pumped into the one of the two cathode chambers at a
flow rate of 100 mL-min~* and forced to pass through the porous FeNi
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foam and enter the other chamber. The cathodic reactions (annotated in
Fig. 1b) led to electrochemical reduction of NO3 and a high solution pH
in the range of 12.0-14.0 that promoted the vaporization of NH3. The
alkaline effluent from the cathodic chamber was pumped into the inner
hollow fiber membrane (Hangzhou Xinhui Membrane Technology Co.,
Ltd, China) with a total membrane surface area of 1.5 m? to strip NHs.
Meanwhile, an anolyte (0.1 M Na;SOy) in the trap tank was pumped into
the anode chamber at a flow rate of 100 mL-min ! and was acidified at
the anode via the HyO-splitting reaction (Fig. 1b). Then, the acidic
anolyte was pumped into the outer chamber of the hollow fiber mem-
brane module to drive the membrane stripping of NH3 from the inner
fluid. The arrested NHj3 in the trap solution was finally circulated back
into the trap tank.

2.4. Evaluations of the nitrate reduction and ammonia recovery

2.4.1. Analysis of the mass transfer rate constant

To characterize the mass transfer for the pristine and activated FeNi
cathodes, the limiting current (Ii,) was measured by placing those
cathodes in a electrolyte containing 5 mM K4Fe(CN)g, 5 mM K3Fe(CN)g,
and 0.1 M NaySO4 as the background electrolyte. Then, the mass transfer
rate constant (k) was calculated based on the Eq. (2) [22]:

llim

ky = —— (2)
IXFXAXC,

where z is the number of electrons transferred (1), F is the Faraday
constant (96,485C-mol’1), A is the geometric surface area of the elec-
trode (mz), and Cy, is the bulk concentration of Fe(CN)g’ (mol-m*3), and
Iim for activated FeNi and pristine FeNi is 0.12A and 0.04A,
respectively.

2.4.2. Determination of the nitrate removal efficiencies, rates, and reaction
selectivity

Water samples in wastewater and trap tanks were collected and
filtered through 0.45-pm cellulose membranes (Millipore) to monitor
different nitrogen species (e.g., ammonia and nitrate). The detailed
measurement methods are provided in the section S3. The calculations
of NO3 removal efficiency (RNO3 JRno; N, NO2 selectivity (SNO2 )SNo; N>
Ny selectivity (Sy,), total ammonia nitrogen (TAN) selectivity (Stan),
and total ammonia nitrogen (TAN) recovery efficiency were calculated
by Eq. (S1)-(S7).

2.4.3. Evaluation of the energy efficiency for electrochemical nitrate
reduction and ammonia production
The Faradic efficiency (FE) (%) for NHs3, Ny, and NO3; were all
calculated by Eq. (3):
nxF xN;

FE(%) = =5~ % 100 3

where n is the amount (mol) of the produced NH3, N, or NO3, F is the
Faraday constant, Nj is the electron transfer number per more of reduced
nitrate and is equal to 8, 5, and 2 if nitrate is reduced to NHg, N3, and
NO3, respectively, Q is the total charge (C) passing the electrode, which
was calculated based on the integration of the current curve I (A) vs t (s).

The specific energy consumption (EC) (kWh-kg’l-(NH4)ZSO4) was
calculated by Eq. (4) to evaluate the energy cost for the produced
ammonia product:

EC=103 X E.y xI Xt xm™' 4

where E is the total cell potential (V), I x t is the integral area under
the curve I vs t (A-h), and m is the mass of the produced (NH4)2SO4 (kg).
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2.5. DFT calculations

The DFT calculations were conducted using the Vienna ab initio
Simulation Package (VASP) to determine the electron distribution,
active sites, and the energy barriers of reaction determining steps for the
activated FeNi cathode toward the NO3 reduction. According to the
analysis of the dominant lattice planes in XRD, the (3 1 1) facet of
NiFe,O4 was selected as the studied reaction interface for DFT calcula-
tion. Additionally, the pure metal surfaces such as Ni (11 1) and Fe (1 1
0) were reported previously [4,23] and applied as control subjects in this
work. Detailed information about the DFT/VASP operations is provided
in section S5.

3. Results and discussions

3.1. Morphology, element mapping, crystallinity and surface chemical
states of the FeNi foam cathode

The surface structure and surface chemistry of the porous FeNi foam
before and after the calcination treatment at 400 °C are compared. Fig. 2
shows the pristine FeNi foam turned to slightly black after calcination
and numerous needle-like structures or nanowire arrays formed on the
surface. The formation of this microstructures or nanowire arrays could
result from the surface oxidation reactions and formation of a metal
oxide layer. This rough surface structure gives rise to the active sites for
mass transfer and reactions compared to the pristine foam surface [24].

Fig. S3a, b shows the chemical element mapping on the pristine and
thermally activated FeNi foams. Three major elements, Fe, Ni and O, are
identified for both samples. The EDS mapping of the Fig. S3c further
shows the pristine FeNi foam had an atomic percentage of 66at%, 24at
%, and 10at%, respectively for Fe, Ni, and O elements that agrees with
the previous study [25]. However, the O elements increased to 48at% on
the activated FeNi surface, owing to the formation of FeNi oxides after
calcination [26].

The XRD patterns in Fig. S3d show that the pristine FeNi foam
yielded two peaks at 44.6° and 64.9°, which implies the presence of the
Kamacite form (JCPDS No. 37-0474) [27]. The other two peaks at 43,5
and 50.7 may correspond to Taenite (JCPDS No. 47-1417) [27]. After
calcination, the peak intensities at 44.6° and 64.9° for Kamacite (JCPDS
No. 37-0474) decreased and some new peaks at 35.8°, 43.4°, and 62.9°
involved, which correspond to the (3 1 1), (4 0 0), and (4 4 0) lattice
planes of NiFe;04 (JCPDS no.74-2081), respectively [28,29] and sug-
gests the formation of mixed FeNi oxide formation on the activated FeNi
foam surface. High resolution TEM (HRTEM) image of the activated
FeNi was shown in Fig. S4a, where the primarily exposed crystal planes
of NiFe;O4 were (3 1 1) with the lattice spacing (d) of 0.25 nm [30].
Selected-area electron diffraction (SAED) clearly presents continuous
ring patterns that can be ascribed to the (31 1), (4 0 0), and (4 4 0)
planes of the NiFe;O4 (Fig. S4b), which were consistent with the XRD
patterns.

Fig. S5 shows the XPS spectra that reveal the changes of the surface
chemical compositions and valence states of the FeNi composite. In the
high-resolution Fe 2p spectrum of the pristine FeNi foam, three distinct
peaks at binding energies of 707 eV, 710.0 eV, and 712 eV were
attributed to Fe®, Fe?", and Fe®™, respectively [31,32]. In contrast, no
Fe® was detected in the activated FeNi foam after calcination and the
proportion of Fe>* increased from 70 % to 84 %. This is attributed to the
acquisition of lattice oxygen in the alloy, which may change the valence
state of Fe from low to high [33]. The peaks at 852.6 eV and 856.0 eV for
the Ni 2p spectrum corresponded to Ni® and Ni%* and the peak at 861.4
eV corresponded to satellite peak of Nit [34,35]. The peak strength of
Ni%* increased from 63 % to near 100 % after thermal calcination. This
result can be explained by the fact that the Ni element in the alloy phase
overcome the thermodynamic limitations for the formation of Ni oxides
probably due to the Fe-Ni synergistic effects and transforms to Ni2*,
resulting the formation of the NiFe;O4 phase with spinel structure [32].
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Fig. 2. Photos and SEM images of the pristine (a) and (b) thermally activated FeNi cathode or foam.

The XPS results support the EDS mapping and XRD results that indicate a
mixed FeNi oxide layer formed on the activated FeNi foam surface.

3.2. Electrochemical characterization

The LSV curves in Fig. 3a compares the response currents using
different materials as cathodes, which shows the activated FeNi cathode
had a relatively high overpotential for H, evolution reaction (HER) with
an onset potential of —0.70 V/RHE in NaySO4 without NO3, whereas in
the presence of 20 mM NOg3, the onset potential increased to —0.19 V/
RHE, which is more positive than those of the pristine FeNi cathode
(—0.33 V/RHE), the pure Fe foam cathode (—0.36 V/RHE), and the pure
Ni foam cathode (—0.88 V/RHE). This suggests a higher cathodic reac-
tivity for the activated FeNi cathode toward NO3 reduction reaction
than other three materials. In addition, among these cathode materials,
the activated FeNi cathode had a faster current growth rate with the
decreasing cathode potential. The response currents (I, and I,) under
different scan rates were recorded in the CV spectra, which was mainly
caused by adsorption and desorption of nitrate at the active site and the
charging and discharging of the electric double layer (Fig. S6a, b and
Table S1) [18]. At the same scan rate, the charging currents of the
activated FeNi are bigger than that of pristine FeNi, indicating activated
FeNi have bigger accessible active area than that of pristine FeNi. The
electrochemical double-layer capacitance (Cq)) was determined by Eq.
(1) and equal to 5.8 mF-cm 2 and 10.1 mF~cm’2, respectively for the
pristine FeNi cathode and the activated FeNi cathode in Fig. 3b. It is
known that the electrochemically active surface area is proportional to

the value of Cqy [18]. Clearly, the activated FeNi cathode rendered a
greater number of electrochemically active surface area for NO3
reduction than the pristine FeNi cathode. Furthermore, the current-time
curves of activated FeNi under different polarization potentials are
recorded. As shown in Fig. S7, the activated FeNi exhibited poor HER
catalytic activity within these polarization potential ranges. The
potentiostatic polarization curve remained stable after a short charge
and discharge of the electric double layer, indicating that activated FeNi
has continuous and stable catalytic activity.

The Nyquist plots and the corresponding equivalent circuits in Fig. 3¢
show that the interfacial impedance of the pristine FeNi and activated
FeNi solids both consisted of an electrolyte resistance (R;) and the
charge transport resistances (R¢t) [36]. Table S2 summarizes the results
of Ry, Rt and Cqp. The pristine FeNi cathode and the activated FeNi
cathodes had similar R; with the value of 20.2 Q-cm 2 and 19.5 Q-cm™2,
respectively. However, the activated FeNi cathode exhibited lower R
value (49.8 Q.cm™?) than the pristine FeNi cathode (183.9 Q-cm™?),
largely because of the surface formation of the nanowire arrays that
could facilitate the mass and electron transport from/to the cathode
surface [20]. For example, based on the measurements of the limiting
current (i) on the pristine and activated FeNi cathode, the mass
transfer rate constant (k) was calculated by Eq. (2) and was found
higher (1.55 x 107! m-s’l) than that (5.46 x 1072 m-s’l) of the pristine
FeNi in the flow-through mode. In addition, the Cq value was re-
calculated by the capacitance at electrode-electrolyte interface (CPE)
in the EIS equivalent circuit fitting [37], which yielded 11.0 mF-cm 2
and 5.1 mF-cm™2 for the activated FeNi cathode and the pristine FeNi
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cathode, respectively, and agreed well with the Cg values calculated
from the CV test. Clearly, the activated FeNi cathode exhibited a rela-
tively high electrolytic activity, a large electrochemically active surface
area, and a high interfacial electron transfer efficiency for the electro-
catalytic NO3 reduction.

3.3. Electrocatalytic NO3 reduction performance

Fig. 4a shows that the NO3 reduction efficiency was near ~ 100 % at
the activated FeNi foam cathode after 2.5 h of the operation with major
experimental conditions detailed in the caption. By contrast, only 88 %,
72 % and 5 % were achieved for the pristine FeNi, Fe, and Ni foam
cathodes, respectively. Accordingly, Fig. S8 shows that the activated
FeNi cathode had the highest Faradic efficiency for nitrate reduction (72
%), followed by the Fe (52 %), Ni (4 %) and pristine FeNi (63 %)
cathodes. And the Faradic efficiency for HER by the activated FeNi
cathode reached 28 %, lesser than those of the pristine FeNi cathode (37
%), Fe (48 %) and Ni (96 %). The pseudo-first-order rate constant for
electrochemical nitrate reduction reaction follow the order of Ni (3.990
x 107% rnin’l) < Fe (7.97 x 1073 min’l) < pristine FeNi (1.043 x 1072
min!) < activated FeNi (1.849 x 1072 min™") [38]. Finally, we also
confirmed that no NO3 was removed within 2.5 h under the open circuit
condition or when no cathodic potential was applied, indicating that the
direct reduction of NO3 by the FeNi alloy foam was negligible.

Fig. S9 compares the TAN and NO; concentrations in different
cathodic flow-cells under the different operation time. Except the Ni
cathode, all the other three cathodes produced TAN, NO2 and some
minor Ny. The NO3 concentration first accumulated and then started to
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reduce. The activated FeNi cathode completely removed NO3 after 2.5
h, whereas the Fe, pristine FeNi and Ni cathodes yielded a residual NOg
concentration of approximately 0.9 mM, 0.5 mM, and 0.2 mM respec-
tively. Noticeably, the produced TAN concentration by the activated
FeNi cathode reached 19.6 mM, greater than those of the pristine FeNi
cathode (15.9 mM), Fe (13.8 mM) and Ni (0.6 mM). The possibility of
the generation of ammonia from the dissolved N from the air transfer is
excluded, as no ammonia was detected after 2.5 h in the NaySO4 elec-
trolyte. Moreover, the electrochemical Ny production was also minimum
for the activated FeNi cathode, whereas for the pristine FeNi and Fe
cathodes, the Ny production was evident. Accordingly, the activated
FeNi cathode achieved the highest TAN selectivity (98 %), followed by
the Fe (84 %), Ni (54 %) and pristine FeNi (91 %) cathodes.

The stability of the NO3 reduction on the activated FeNi cathode was
also evaluated. Fig. 4b shows the NO3 removal efficiency and TAN
selectivity for the activated FeNi cathode remained relatively stable at
near 100 % and 98 %, respectively, in 20 consecutive operation recycles
(2.5 h per cycle). At the end of the first recycle, only 0.0220 mg-L ™! Fe
and 0.0034 mg-L ™! Ni were leached into the solution, but the metal ion
release became less significant in the following recycles and was hardly
detected after four recycles. To examine the chemical state changes, XPS
analysis was conducted on the used FeNi cathode. Fig. S10a, b revealed
an obvious increase in the oxygen vacancies of the activated FeNi
cathode after 20 recycles. The generation of oxygen vacancies were
probably because under cathodic reactions, the surface H species may
have infused into the lattice of the FeNi oxide layer and thus leads to
segmentation of Fe—O or Ni—O bonds [39]. As a result, Fig. S10c shows
that the NO3 concentrations declined at a slightly faster rate in the first

Cycle number

(d) 44 TAN selectivity
NO; removal efficiency B\ Faradaic efficiency for TAN

NO; removal efficiency [lll Faradaic efficiency for TAN

0
50 mM CI' 10 mM CI’
without PEM

10 mM CI' 50 mM CI'
with PEM

Fig. 4. (a) The comparison of NO3 reduction efficiency in various systems. (b) The NO3 removal efficiency, TAN selectivity, and the concentrations of the leached Fe
and Ni ions over the 20 cycles. (c) the NO3 removal, TAN selectivity, and Faradaic efficiency for TAN at different current density and initial NO3 concentrations. (d)
The TAN selectivity, Faradaic efficiency for TAN, and NO3 removal efficiency at different Cl~ concentrations without/with incorporation of PEM between the anode

and cathode. Major experimental conditions: cathode: activated FeNi, flow mode: flow-through, flow rate: 100 mL-min~

initial NO3 concentration: 20 mM, pH ~ 7.0, and Cl": 10 mM.
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cycle than in the twentieth cycle. The pseudo-first-order rate constant
slightly increased from 1.849 x 1072 to 2.134 x 10~2 min}, which
suggests that the oxygen vacancies could facilitate the breakage of the
O—N bond in electrochemical NO3 reduction [40].

Fig. 4c compares the Faradaic efficiency for TAN, NO3 removal ef-
ficiency, and TAN selectivity under different current densities and initial
NOj3 concentrations. Fig. S11 shows the detailed experimental results of
the various nitrogen species concentrations. When the current density
increased from 20 to 50 mA-cm 2, the NO3 removal efficiency gradually
increased from 73 % to 100 % within 2.5 h, with the increased NO3
removal rate from 246 to 560 g-N-m 2.d ! and the increased TAN
selectivity from 90 % to 98 %. However, a high current density results in
a high cathodic potential (Table S3) that may trigger hydrogen evolution
reactions (HER) and reduce the Faradaic efficiency for TAN from 71 % to
62 %. Thus, a cathodic current density of 30 mA-cm ™2 was consistently
employed unless indicated otherwise.

Increasing the initial available NO3 concentration could improve the
cathodic reduction of NO3 and inhibit HER [4]. Fig. 4c shows that when
the initial NO3 concentration increased from 20 to 150 mM, the NO3
removal rate slightly increased from 336 to 444 g-N-m~2.d ! with minor
changes in TAN selectivity and NO3 removal efficiency. However, the
Faradaic efficiency for TAN significantly increased from 70 % to 93 %.
Table S3 indicates that the cell voltage decreased with the increasing
NO3 concentration (e.g., from 4.0 V at 20 mM NO3 to 3.2 V at 150 mM
NO3) at fixed electrolyte conductivity of 2.9 S-m™}, suggesting that a
higher energy utilization efficiency for NO3 reduction as shown in
Fig. 5c. The internal potential losses, transport losses across the proton
exchange membrane (PEM) separating cathode and anode chamber
(Etransfer), ionic potential losses (Ejopic) were also analyzed. From Eqgs.
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(S27) and (S28), we calculate that the potential loss was 6.3 x 107! v,
indicating that the potential loss was very small in this system.

Due to the prevalence of chloride ions in wastewater, oxidant species
such as hypochlorite anions (HOCI) (Egs. (S29) and (S30)) could also be
simultaneously produced at the Ti/IrO-RuO2 anode and may oxidize
those intermediates such as NO3 and NHZ (Egs. (S31)-(S33)) [41], and
HOCI reacts also on NH3 to form chloramines (Egs. (S34)-(S37)) [8],
which compromises the accumulation of NH{ in the electrolyte. As
illustrated in Fig. 4d, the Faradic efficiency for TAN and TAN selectivity
all decreased as the Cl™ concentration increased from 10 to 50 mM when
no PEM was used to separate the cathodic and anodic chambers. The
NO3 removal efficiency was barely affected by the presence of PEM or
the Cl™ concentration. Conversely, when the PEM was incorporated, the
transport of CI™ from the cathode chamber into the anodic chamber was
prevented and thus the anodic oxidation of Cl™ into OCl™ was avoided.
As a result, the Faradic efficiency for TAN, TAN selectivity, and NO3
removal efficiency were all increased to 70 %, 98 %, and 100 %,
respectively, even when the Cl~ concentration was as high as 50 mM.

3.4. Evaluation of NO3 to ammonia and conversion into (NH4)2S04

Fig. S12 shows the bulk anolyte pH rapidly dropped below 2.0 at a
current density of 30 mA-cm 2, while the bulk catholyte pH increased
t0>12.0, which improved the conversion of NH; to NH; and the NH;
stripping since nearly 100 % of NHZ will be converted to gaseous NH3 at
pH 12.0 according to Eq. (S38). The NHj3 in the catholyte was extracted
or stripped by the hydrophobic polypropylene hollow fiber membrane
that rejected water or ionic species. This membrane stripping is driven
by the NHj partial pressure difference between the catholyte and the
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acidic anolyte. According to the Henry’s law in Eq. (S39), the NHj
partial pressure outside the hollow fiber membrane is nearly zero,
whereas the NHj3 partial pressure in the catholyte inside the hollow fiber
membrane is 6 Pa, which thus drove the NHj3 transfer across the fiber
membrane. Fig. 5a shows that at 30 mA-cm ™2, nearly 100 % NO3 was
progressively removed with reaction time, and almost 100 % of TAN was
spontaneously extracted into the trap tank in the form of (NH4)2SO4
without significant accumulation in the rejected wastewater that con-
tained only 0.3 mM NHJ. Similar to the above findings in Fig. S11, some
NO3 evolved but after 125 min they were not detected.

Fig. 5b further confirm that the TAN recovery efficiency and recov-
ery rate were both increased from 66 % to 97 % and from 1039 to 2264
g-(NH4)QSO4-m’2-d’1 when increasing the current density (20-50
mA-cm~2), which also increased the specific energy consumption from
16 to 28 kWh~kg’1-((NH4)ZSO4). Besides, when the initial NO3 con-
centration increased from 20 to 150 mM, the TAN recovery rate
increased from 1529 to 2050 g—(NH4)2SO4~m_2Ad_1, while the equilib-
rium TAN recovery efficiency of 97 % was not affected but the reaction
time per cycle was increased to remove the increased NO3 content in
wastewater. It is important to note that the NHj stripping rate
(approximately 435 g-N-m~2.d"!) nearly matched the electrolytic NO3
reduction rate (444 g—N~m’24d’1) at NO3 concentration of 150 mM. The
synchronized NH3 production and extraction could effectively prevent
the gaseous product accumulation on the cathode and reduce the elec-
trolysis reaction time or extraction time as we reported previously [16].

Fig. 5c evaluated the specific energy consumption (EC) as the NO3
concentration or the applied current density changed. The energy con-
sumption decreased significantly from 19 to 11 kWh-kgfl-((NH4)ZSO4)
as the NO3 concentration increased from 20 to 150 mM at 30 mA-cm ™2,
owing to the increased the Faradic efficiency for TAN and the reduced
applied voltage. Obviously, increasing the current density led to greater
energy consumption when using the same NO3 concentration of 20 mM.
It is important to note that the acidic anolyte (a mixture of Na;SO4 and
HySO4) could be reused with reproducible performances of NHj
abstraction. Fig. S13 shows that the TAN concentrations in the acidic
anolyte increased to 76 mM proportionally after four cycles without
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replacing or refilling the NasSO4 anolyte. The TAN recovery efficiency
could still maintain at 95 % even after the fourth cycle, indicating that
the H" concentration in the anolyte could be reproduced via anodic
oxidation and no significant loss of Na* or SOZ~ in NHj extraction or
electrode reactions.

To evaluate the nitrate conversion of real wastewater using this
continuous flow-through electrolysis cell, the NO3 bearing wastewater
was collected from Shandong Keyuan Pharmaceutical Co., Ltd. This real
wastewater contained 280 + 8 mg~L’1 NOs3, 67 + 4 mg-L’1 Br, 240 +
11 mg-L!Cl™, 9650 + 46 mg-L ™! SO3 ", 4657 + 25 mg-L 'Na™, 3524 +
24 mg-L7' K*, and COD of 170 + 4 mg-L ™! with a solution pH 7.8 + 0.5.
Fig. 5d shows the NO3 removal efficiency, the TAN selectivity, Faradic
efficiency for TAN, and TAN recovery efficiency that are comparable to
those obtained with synthetic wastewater in Fig. 5a. The NO3 removal
rate and the NH3 recovery rate reached 325 g-N-m 2.d"! and 1500 g-
(NH4)ZSO4-m’2-d’1. Notably, COD, Br~, Cl-, and K* were efficiently
separated by the hydrophobic hollow fiber membrane (Table S4).

3.5. Mechanism analysis of electrocatalytic nitrate reduction to ammonia

3.5.1. Electron transfer and rate-limiting reaction analysis

NOs3 reduction to ammonia involves multi-electron-transfer pro-
cesses to change nitrogen valence from +5 to —3. According to previous
studies [41,42], the direct reduction mediated by electron transfer and/
or the indirect reduction driven by surface-adsorbed hydrogen atoms
(H*) could be responsible for the electrochemical NO3 reduction. To
verify this speculation, tertiary butanol (t-BuOH) was employed to
scavenge H* with the production of inert 2-methyl-2-propanol radicals
[43]. Our results in Fig. 6a indicate that the NO3 removal rate was
barely affected by the addition of -BuOH at various t-BuOH:NO3 molar
ratios. Thus, direct electron transfer should be a dominant mechanism
for the electrolytic NO3 reduction.

The direct charge transfer often occurs through an inner sphere
process and therefore requires direct interactions of the reactants (e.g.,
NO3) with the charges on the catalytic sites [44]. To analyze this charge
transfer process, we computed the charge distribution in Fig. 6b that
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illustrates that the extra electrons (as indicated by yellow zones) are
located on Fe and Ni sites at the NiFe;O4 (3 1 1). Fig. 6¢ further shows
the net charge at the NiFeyO4 (3 1 1)-Ni sites is lower than that at the
NiFe304 (3 1 1)-Fe sites, suggesting more valence electron is available on
Ni sites. A relatively low adsorption energy (0.2 eV) for NO3 occurred on
the NiFey04 (3 1 1)-Ni site compared with the high adsorption energy
(2.6 eV) on NiFep04 (3 1 1)-Fe site, which suggests that the NiFe,04 (3 1
1)-Ni sites may be more favorable for the electrocatalytic NO3 reduc-
tion. At the same time, NiFe;04 (3 1 1)-Fe (0.8 eV) site is easier to adsorb
H* than Ni (1.9 eV) site, which provides H* close to the surface for Ni
site, so it promotes nitrate reduction (Fig. S14).

To determine the rate-determining steps of nitrate reduction re-
actions, the changes in Gibbs free energy (AG) of several key interme-
diate reactions (e.g., *NOs-to-*HNO3, *NOa-to-*NOOH, and *NO-to-
*NOH) have been calculated according to the reported DFT method
[45,46]. Fig. 6d show the AG values of *NOs-to-*HNOs3 (0.15 eV), *NO»-
to-*NOOH (0.22 eV), and *NO-to-*NOH (0.08 eV) on the NiFe,04 (3 1
1)-Ni sites were lower than those on Fe (1 1 0) and Ni (1 1 1), which
means those intermediate reactions tend to have lower energy barriers
on the NiFe;O4 (3 1 1)-Ni sites. Moreover, the calculated AG of HER on
the NiFe04 (3 1 1)-Ni sites (1.9 eV) showed a higher energy barrier than
those on Fe (11 0) (—0.93 eV) and Ni (1 1 1) (—0.54 eV), suggesting that
NiFe;O4 (3 1 1)-Ni was unfavorable for HER, which supports the LSV
analysis in Fig. 3a. Thus, the activated FeNi cathode shows the superior
intrinsic activity toward NO3 reduction compared with pure Fe and Ni.

3.5.2. Selectivity for ammonia production

To confirm the high selectivity and specificity of the NiFe304 (31 1)-
Ni site toward ammonia production over nitrogen production, we
calculated the Gibbs free energies of two key intermediate reactions for
ammonia and nitrogen respectively, *NO, — *NOOH and *NOg — * +
NO3 [47]. For example, during electrocatalytic nitrate reduction, Ny is
often produced through the reactions of NO2 and other N intermediates
(e.g., *NO), whereas NHj3 is formed in a number of series reaction Eq.
(S10-S26) mainly involving *NOOH. Our results in Fig. 6e show that the
Gibbs free energy of *NO; — * + NO3 is 1.19 eV and is more positive
than that 0.22 eV of *NO3 — *NOOH. Thus, the N5 production is unfa-
vorable relatively to the production of ammonia.

3.6. Analysis of energy Consumption, economic viability and
environmental benefits

The presented activated FeNi alloy cathode in this study exhibited
efficient NO3 reduction toward ammonia with a NO3 removal rate of 99
%, a TAN selectivity of 98 % and a Faradic efficiency of 93 %, which
outcompetes many other cathode materials as summarized in Table S5.
In addition, the TAN recovery efficiency of 97 % could be achieved at in
the trap tank with the use of hollow fiber membranes. But in this system,
there will be the problems of membrane fouling regardless of proton
exchange membrane and hollow fiber membranes. To solve the problem
of membrane fouling contamination, some pretreatment processes such
as coagulation, adsorption and oxidation are required to combine with
the concurrent electrocatalysis and membrane extraction to prevent it.
Table S6 compares the ammonia recovery efficiencies of different NH3
recovery systems, which achieved 10 %-80 %. Besides, the energy
consumption for NHg recovery is 11 kWh~kg’1-(NH4)ZSO4 when the
NOj3 concentration was 150 mM, which is lower than many other sys-
tems and demonstrates high economic viability [48]. This is mainly
attributed to the high activity of the prepared catalyst toward the
reduction of NO3 to NHj side hydrogen evolution reaction, the
enhanced mass transport of nitrate toward the active sites of FeNi foam
cathode and the rapid equilibrium between NOggs and NO3 solution
[49]. For instance, electrochemically selective NH3 extraction, capaci-
tive membrane stripping, and capacitive deionization-like electro-
chemical reactor rendered high energy consumptions at 19-57
kWh~kg*1-(NH4)ZSO4. Moreover, those above processes usually
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consume external acid or base to adjust pHs, which is not required for
this continuous flow-through electrolysis process. The continuous flow-
through electrolysis system also exhibits some additional economic and
environmental benefits. For example, the industrial Haber-Bosch pro-
cess for ammonia synthesis uses large amounts of fossil fuels and re-
leases around 465 x 10° kg CO, each year globally [50]. To relieve this
environmental and energy burden, a shift of nitrogen removal from the
wastewater to nitrogen recovery is critical. It is worth noting that the
present electrolysis system can be driven by renewable energy sources
(e.g., wind power or hydropower) with reduced or neutral CO, emission.
Moreover, the high pHs in the treated water (>12.5) could facilitate the
water hardness reduction (Ca?* and Mg?") and production of phos-
phorus containing fertilizer (e.g., struvite or calcium phosphate).
Finally, in addition to (NH4)2SO4, the produced NHs could be recovered
in many other forms (e.g., ammonium phosphate and ammonium ni-
trate) by changing the anolytes.

4. Conclusion

Although electrocatalytic ammonia synthesis from NO3 in waste-
water is an attractive concept, its practical implementation could be still
hindered by the complex catalyst preparation, catalytic reaction, and
synchronization with NHg recovery. This study proved the feasibility of
this continuous flow-through electrolysis cell with the porous activated
FeNi cathode and hollow fiber membranes-based extraction for upcy-
cling NO3 into NHj fertilizer. The system achieved a TAN recovery ef-
ficiency of 97 % and a specific NHs recovery rate of 2050 g-
(NH4)ZSO4‘m’2-d’1. The experimental and DFT analysis both indicate
that direct electron transfer was the main mechanism for the electro-
catalytic NO3 to ammonia reactions. The NiFe;O4 (3 1 1)-Ni site on the
activated FeNi cathode was the main active site for the intermediate
reactions (e.g., *NOs, *NO,, and *NO), because of the relatively low
reaction barrier for the NO3 reduction to ammonia and high specificity
toward ammonia over Ny generation. Overall, this presented technology
may have promising potentials to transform traditional biological ni-
trogen removal and industrial ammonia production and lead to sus-
tainable synergies in resource recovery from wastewater.
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