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xides derived from MOFs as
precursors promote efficient electrochemical
synthesis of ammonia†
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Shihai Yan * and Bingping Liu*

In recent years, electrochemical nitrate reduction (NO3
−RR) for ammonia synthesis has garnered increasing

attention as a sustainable alternative to the Haber–Bosch process for ammonia production and wastewater

treatment. The development of efficient electrocatalysts is crucial because the activity and selectivity for

ammonia production remain relatively low. In this letter, we conducted rational design and density

functional theory (DFT) calculations, and obtained a high-yield and efficient catalyst, NiFe2O4. The

catalyst exhibits a yield rate of 21.45 mg h−1 cm−2 and a faradaic efficiency of 97.65%, surpassing the

performance of most Fe-based and Ni-based catalysts. Experimental results demonstrate that different

calcination temperatures and the introduction of varying amounts of nickel precursors significantly affect

the catalyst's performance, as is further supported by DFT calculations. This study offers a promising

strategy for designing high-performance NO3
−RR catalysts for electrocatalytic NH3 synthesis and waste

water treatment.
1. Introduction

As one of the most crucial chemical products in modern society,
ammonia (NH3) serves not only as an indispensable raw mate-
rial in various industries, including agriculture, metallurgy,
textiles, and pharmaceuticals, but also is considered to be
a carbon-neutral energy carrier and an efficient energy storage
medium due to its high energy density.1–6 However, the
predominant method for industrial ammonia synthesis at
present is still the Haber–Bosch process, which operates at high
temperatures ranging from 400 to 600 degrees Celsius and
under high pressures of 200 to 350 atmospheres. This process
consumes a substantial amount of energy and releases signi-
cant quantities of greenhouse gases. Therefore, there is an
urgent need to explore green and sustainable alternatives for
ammonia synthesis.7–11 The emerging electrocatalytic reduc-
t2ion of nitrogen (N2) to produce NH3 (NRR) has appropriately
reduced energy consumption and carbon emission.12,13

However, due to the strongly competitive hydrogen evolution
reaction (HER), very low solubility of N2, and the intense N^N
bond (945 kJ mol−1), the NH3 yield and faradaic efficiency (FE)
are signicantly lower, even at high current densities, compared
to the yields achieved by the Haber–Bosch process.14–17 In recent
times, there has been a growing interest in the electrocatalytic
ciences, Qingdao Agricultural University,
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reduction of nitrate to ammonia due to its higher efficiency,
with lower energy consumption (204 kJ mol−1 for N]O bond
cleavage), and the unlimited solubility of nitrate ions
(NO3

−).18–23 Furthermore, NO3
− is a common environmental

pollutant, abundant in industrial and sanitary wastewater. With
the rapid development of industrial production, agricultural
activities, and the increasing human population, nitrate pollu-
tion in water bodies has become increasingly severe. This leads
to water eutrophication, causing damage to ecosystems and
posing threats to human health. Therefore, the conversion of
discarded NO3

− into value-added ammonia is evidently
a strategy of “turning waste into treasure”.24–28

However, the reduction of nitrate to produce ammonia is
a complex process involving the transfer of 9 protons and 8
electrons, which leads to the formation of by-products,
including NO2

−, NO, N2, and N2O.29–31 Moreover, this process
competes with the two-electron HER, ultimately resulting in
diminished NH3 yields and FE.16,29,32 The critical factor in the
electrochemical reduction of nitrate is the design of the catalyst.
Therefore, seeking innovative catalyst materials that can over-
come these challenges is crucial for practical applications.
Consequently, there has been extensive exploration of diverse
catalyst materials, including metals, alloys, metal oxides, metal
suldes, and non-metals.1,7,21,26,30 Among metal materials, iron
(Fe) has exhibited high activity and selectivity in the reduction
of NO3

− to NH3. Fe is the most widely distributed transition
metal element in the natural world, and possesses unique
advantages (inexpensive and readily available, low cost, non-
toxic, and harmless). In addition, Fe is a fundamental
Sustainable Energy Fuels
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component present in virtually all nitrogenases, playing
a pivotal role as an active center during electron transfer
processes.33–35 Nickel (Ni) possesses signicant O–H activation
capability and strong adsorption ability for hydrogen (H*). In
the process of nitrate reduction, it promotes the depletion of
H*, favoring H* consumption over excessive HER, thereby
providing sufficient active hydrogen and signicantly inhibiting
HER.36–39

Metal–organic frameworks (MOFs) have attracted extensive
attention as a burgeoning class of electrocatalytic materials,
owing to their abundance of unsaturated metal sites, excep-
tionally high surface area, and versatile open and tunable
porous structures.40–45 However, pure MOFs face challenges
such as insufficient conductivity.46 In comparison to pure MOFs
as electrocatalysts, structures derived from MOFs precursors
can exhibit excellent electrocatalytic performance.46,47 By form-
ing hollow nanocage structures, the number of active sites can
be signicantly increased, and mass transfer is also enhanced.
This is typically achieved through processes such as etching
treatment, thermal treatment, and secondary growth treatment
to create hollow structures.47–51 Therefore, we explore the
enhancement of Fe-based MOFs in the NO3

− reduction to NH3

process by introducing a Ni source. Through the oil bath
method, a Ni source is introduced to etch pure MOFs. This
results in the formation of hollow nano-cage Fe–Ni layered
double hydroxide (Fe–Ni-LDH) structures. As compared with
that (yield: 11.05 mg h−1 cm−2, FE: 92.54%) of pure Fe MOFs,
the NH3 yield and FE (yield: 15.67 mg h−1 cm−2, FE: 93.00%) of
Fe–Ni-LDH are enhanced.

Transition metal oxides with spinel-type bimetallic struc-
tures have attracted signicant interest due to their unique
crystal structure, multifunctional ion arrangement, multivalent
composition, and high conductivity.52,53 Spinel-type bimetallic
oxides, such as FeCo2O4, MnCo2O4, and NiFe2O4, have been
extensively employed in the realm of electrocatalysis.54,55

Particularly, Zhang et al. synthesized NiFe2O4, which exhibited
excellent yields in the electrocatalytic NO3

− reduction.56 There-
fore, we further annealed the synthesized Fe–Ni-LDH in the
nitrogen atmosphere, resulting in the formation of a spinel-type
NiFe2O4 nanocage. This leads to a notable enhancement of both
NH3 yield and FE (yield: 21.45 mg h−1 cm−2, FE: 97.63%). In this
study, we experimentally investigated the impact of varying
nickel ratios and different calcination temperatures on the
catalytic performance. Additionally, we delved deeper into the
mechanistic understanding of different nickel ratios through
theoretical calculations using the VASP simulation package.57

2. Method and experimental
2.1. Materials

Ferric chloride hexahydrate (FeCl3$6H2O, $99%), potassium
nitrate (KNO3, $99%), sodium nitroferricyanide (C5FeN6Na2-
O$2H2O, $98%), sulfonamide (C6H8N2O2S, $99.8%) were all
procured from China National Pharmaceutical Group Corpo-
ration. Sodium hydroxide (NaOH, $96%), salicylic acid
(C7H6O3, $99.5%), and ethanol were obtained from Laiyang
Kangde Chemical Co., Ltd (China). Nickel chloride hexahydrate
Sustainable Energy Fuels
(NiCl2$6H2O, $98%) was purchased from Laiyang Economic
and Technological Development Zone Fine Chemical Factory
(China). Sodium citrate (C6H5Na3O7, $99%), sodium hypo-
chlorite (NaClO, $10%), N,N-dimethylformamide (C3H4NO,
$99.5%) were acquired from Tianjin Bodi Chemical Co., Ltd,
Tianjin Yongda Chemical Reagent Co., Ltd, and Tianjin Fuyu
Fine Chemical Co., Ltd, respectively. N-(1-naphthyl) ethyl-
enediamine dihydrochloride ($99.8%) was procured from
Tianjin Aopson Chemical Co., Ltd. Phosphoric acid (H3PO4,
$99%) was obtained from Beijing Chemical Industry Co., Ltd.
Phthalic acid (C8H6O4, $99%) was purchased from Shanghai
Maclin Biochemical Technology Co., Ltd.

2.2. Catalyst synthesis

2.2.1. Synthesis of Fe MOFs. FeCl3$6H2O and phthalic acid
were dissolved in 40 mL of N,N-dimethylformamide, and the
mixture was vigorously stirred magnetically for 1 hour. The
resulting solution was moved into a stainless-steel autoclave
equipped with a polytetrauoroethylene coating and heated at
120 °C for 15 hours. Aer cooling to room temperature, the
product was collected by centrifugation and washed multiple
times with ultrapure water and anhydrous ethanol. Finally, Fe
MOFs were obtained by drying overnight in oven at 60 °C.

2.2.2. Synthesis of Fe–Ni LDH. 0.36 mmol Fe MOFs and
0.86 mmol NiCl2$6H2O were separately dissolved in 25 mL of
anhydrous ethanol and stirred until well-mixed. Aer achieving
uniform mixing, the two solutions were combined in a round-
bottom ask and heated in a 30 °C oil bath for 3 hours. Aer
cooling to room temperature, the resulting mixture was washed
several times with ultrapure water and anhydrous ethanol.
Finally, the Fe–Ni LDH was obtained by drying overnight in an
oven at 60 °C. By adjusting the nickel ratio, Fe–Ni LDH with
different proportions was obtained.

2.2.3. Synthesis of NiFe2O4. The Fe–Ni LDH was calcined in
a tube furnace under a nitrogen atmosphere for 2 hours. The
tube furnace was heated at a rate of 1° per minute. By adjusting
different calcination temperatures, NiFe2O4 samples were ob-
tained at temperatures of 300 °C, 350 °C, and 400 °C,
respectively.

2.3. Characterization of samples

The morphology and microstructure of the catalyst were
analyzed using scanning electron microscopy (SEM, ZEISS
Gemini SEM 300). The catalyst element analysis was conducted
using energy-dispersive X-ray spectroscopy (ZEISS Gemini SEM
300). The crystal structure of the catalyst was characterized by X-
ray diffraction (XRD, Rigaku Smart Lab SE). Additionally, the
chemical composition and state of the catalyst surface were
determined by X-ray photoelectron spectroscopy (XPS, Thermo
Scientic K-Alpha). The concentration of NH3 was measured
with a UV-3900 spectrophotometer.

2.4. Preparation of the working electrode

Three milligrams of the catalyst were weighted and placed into
a centrifuge tube. Forty microliters of Naon solution and 500
microliters of isopropanol were added. Ultrasonication was
This journal is © The Royal Society of Chemistry 2024
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applied for 1 hour to ensure thorough mixing. One hundred
microliters of the catalyst aer ultrasonication were taken, and
it was deposited onto a carbon cloth (0.5 cm × 1 cm), ensuring
that the catalyst loading area on the carbon cloth was 0.2 cm2.
Aer drying, it was secured onto an electrode clamp to create
the working electrode.

2.5. Electrochemical measurements

Electrochemical tests were conducted in an H-type electrolytic
cell. The cell was separated by a Naon-117 membrane. Prior to
the tests, electrolyte solutions of 30 mL 0.1 M NaOH and 0.1 M
KNO3 were added to the respective sides of the electrolytic cell.
Argon gas was then introduced into the cathodic electrolytic cell
for 15 minutes before testing to remove residual air from the
system. Argon gas ow was maintained throughout the testing
period. In this three-electrode system, the electrode supporting
the catalyst served as the working electrode, while saturated Ag/
AgCl and a platinum sheet functioned as the counter and
reference electrodes, respectively. All potentials were converted
to the reversible hydrogen electrode potential using the refer-
ence scalar: E (vs. RHE) = E (vs. Ag/AgCl) + 0.059 pH + 0.197 V.

2.6. Determination of NH3, NO2
− and N2H4

The concentration of NH3 was determined using the indo-
phenol blue spectrophotometric method. Two milliliters of the
catholyte, diluted tenfold, were mixed successively with 2 mL of
a 1 M NaOH solution containing 5 wt% salicylic acid and 5 wt%
sodium citrate, 1 mL of 0.05 M NaClO solution, and 0.2 mL of
a 1 wt% C5FeN6Na2O solution. Aer a 2 hours incubation at
room temperature, the absorbance was measured at a wave-
length of 655 nm using a UV-vis spectrophotometer. The ob-
tained absorbance value was then used to determine the NH3

concentration in the electrolyte through a concentration-
absorbance standard curve.

Initially, 2.94 mL of H3PO4 was added to 50 mL of H2O.
Subsequently, 0.1 g of N-(1-naphthyl) ethylenediamine dihy-
drochloride and 1 g of sulfonamide were weighed and intro-
duced into the mixture of H3PO4 and H2O. The resulting color
reagent was thoroughly mixed. Next, 1 mL of the diluted elec-
trolyte was taken, and 4mL of ultrapure water along with 0.1mL
of the color reagent were added. Lastly, the mixed solution was
allowed to stand for 20 minutes, and the absorbance at a wave-
length of 540 nm was measured using a UV-vis absorption
spectrophotometer. The NO2

− concentration was determined
through analysis utilizing a standard curve.

First, the color reagent was prepared by combining p-
C9H11NO (2.99 g), HCl (15 mL), and C2H5OH (150 mL). Next,
1 mL of catholyte and 1 mL of the color reagent were added to
a centrifuge tube. The mixture was then le to stand for 20
minutes before being analyzed using a UV-vis spectrophotom-
eter. Finally, the concentration was determined by comparing it
to the N2H4 standard curve.

2.7. Computational details

In this research, density functional theory (DFT) calculations
were performed on NiFe2O4 using the rst-principles
This journal is © The Royal Society of Chemistry 2024
computational simulation package (VASP 5.4.4).57 This so-
ware was developed by the Hafner group. The structural opti-
mization and electronic energy calculations for NiFe2O4 utilized
the generalized gradient approximation of the Perdew–Burke–
Enzzerhof (GGA-PBE) exchange–correlation functional, incor-
porating the projector augmented wave (PAW) method for
pseudopotential determination. Brillouin zone gamma points
were sampled through a (3 × 3 × 1) Monkhorst–Pack k-point
grid. Simultaneously, a cutoff energy of 500 electron volts was
applied, maintaining self-consistent calculations with a total
energy convergence criterion of 10−5 eV electron volts and
a force convergence criterion of −0.05 eV Å−1 per atom. To
consider van der Waals interactions and adsorption energy of
each intermediate on the catalyst, the DFT-D2 method was
applied for NiFe2O4. The formula for calculating the Gibbs free
energy (DG): DG = DE + DZPE − TDS, where DE represents
electronic energy, DZPE denotes zero-point correction energy, T
is the reaction temperature, and DS signies the entropy
change.

3. Results and discussion
3.1. Synthesis and characterizations of catalysts

NiFe2O4 was primarily synthesized via a three-step method, as
depicted in Fig. S1.† Initially, Fe MOFs were synthesized
following previously reported methods.58 Subsequently,
0.36 mmol of Fe MOFs was mixed with 0.86 mmol of NiCl2-
$6H2O in ethanol and heated in an oil bath at 30 °C for 3 hours,
yielding Fe–Ni LDH, which was calcined in a tube furnace under
N2 atmosphere for 2 hours, with the temperature ramped up at
a rate of 1 °C per minute. By varying the calcination tempera-
ture, NiFe2O4 was obtained at temperatures of 300 °C, 350 °C,
and 400 °C, respectively.

The scanning electron microscopy (SEM) images show that
the synthesized Fe MOFs exhibit a tetrahedral morphology
(Fig. 1a), consistent with the previously reported morphology,
conrming successful synthesis of Fe MOFs. In Fig. 1b and c, it
is evident that the subsequent formation of Fe–Ni LDH upon
modication of Fe MOFs. NiFe2O4 retains the essential
morphology and framework of the original MOFs, thus
preserving the advantages of the MOFsmaterial while obtaining
additional active sites, which corresponds to the superior
catalytic performance of NiFe2O4 reported later as compared to
Fe MOFs and Fe–Ni LDH in NO3

−RR.
By adjusting the proportion of nickel added, Fe–Ni LDH with

different ratios were obtained. In Fig. S2,† NiFe2O4 obtained
through calcination at 350 °C aer etching with 0.43 mmol,
0.86 mmol, and 1.29 mmol Ni, respectively, exhibits varying
morphologies. When 1.29 mmol Ni is used, the etching of Fe
MOFs is particularly severe, causing signicant framework
collapse. For both 0.43 mmol and 0.86 mmol Ni, the etching
degree is relatively weak, preserving the original MOF structure.
With 0.86 mmol Ni, the etching of Fe MOFs is more pronounced
as compared to that of 0.43 mmol, resulting in higher exposure
of active sites. This is consistent with the experimental results
that, compared with the samples containing 0.43 mmol and
1.29 mmol Ni, the sample containing 0.86 mmol Ni exhibits
Sustainable Energy Fuels

https://doi.org/10.1039/d4se01074d


Fig. 1 SEM of (a) Fe MOFs, (b) Fe–Ni LDH nanoparticles, (c) NiFe2O4 nanoparticles, (d–f) EDS mapping images of NiFe2O4.
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better catalytic performance in NO3
−RR. Fig. S3† shows the

morphologies of Fe MOFs etched with 0.86 mmol Ni and
subsequently calcined at 300 °C, 350 °C, and 400 °C, respec-
tively. At 400 °C, the framework of Fe MOFs collapses severely,
losing the original function of the MOFs framework. At 350 °C,
compared to 300 °C, MOFs exhibit more severe decomposition
while maintaining the original morphology and exposing more
Fig. 2 (a) XRD patterns of NiFe2O4, (b–d) The XPS of NiFe2O4 measured

Sustainable Energy Fuels
active sites. This corresponds to the subsequent results
regarding the optimal catalytic performance at 350 °C.

To clarify the crystal structure of NiFe2O4, the X-ray diffraction
(XRD) spectra are obtained (Fig. 2a). The analysis reveals that the
synthesized NiFe2O4 aligns well with the spinel phase arrange-
ment (JCPDS no. 10-0325). The diffraction peaks observed at
18.4°, 30.3°, 35.7°, 37.3°, 43.4°, 53.8°, 57.4°, 62.9°, and 74.6°
spectra are Fe 2p, Ni 2p and O 1s.

This journal is © The Royal Society of Chemistry 2024
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correspond to the (111), (220), (311), (222), (400), (422), (511),
(440), and (533) crystal planes, respectively.59 To determine the
chemical composition and oxidation states of NiFe2O4, the X-ray
photoelectron spectroscopy (XPS) measurements have been per-
formed. In Fig. S4,† the peaks in the full spectrum appear at
712.08, 855.08, and 530.08 electron volts (eV), corresponding to
Fe 2p, Ni 2p, and O 1s, respectively, conrming the presence of
Fe, Ni, and O elements, consistent with the Energy Dispersive X-
ray Spectroscopy (EDS) results shown in Fig. 1d–f. Fig. 2b displays
the Fe 2p peaks, which can be deconvoluted into Fe 2p3/2 and Fe
2p1/2, positioned at 725.4 and 711.8 eV, respectively.59 The Ni 2p
peaks shown in Fig. 2c can also be deconvoluted into Ni 2p3/2 and
Ni 2p1/2, positioned at 855.41 and 873.38 eV, respectively.60 The
two sets of tting peaks around 530.08 and 531.38 eV are
attributed to metal–oxygen species and hydroxyl oxygen defects
(Fig. 2d). The successful synthesis of NiFe2O4 is conrmed
through the XRD, EDS, and XPS tests, laying a solid foundation
for subsequent electrochemical performance evaluations.

3.2. Performance of the electrocatalysts

The performance testing of the prepared catalysts was con-
ducted in an H-type electrochemical cell under ambient
Fig. 3 (a) LSV of the FeMOFs, Fe–Ni LDH, and NiFe2O4 in a 0.1 MNaOH s
rate and NH3 FE of the NiFe2O4 in a 0.1 M NaOH and KNO3 solution, re
a 0.1 M NaOH solution, with and without the addition of 0.1 M KNO3. (e
1.29 mmol Ni in a 0.1 M NaOH and KNO3 solution, respectively. (g) LSV of
and without the addition of 0.1 M KNO3. (h and i) NH3 yield rate and NH3 F
solution, respectively.

This journal is © The Royal Society of Chemistry 2024
conditions. In Fig. 3a, the linear sweep voltammetry (LSV)
curves depict the electrochemical performance of Fe MOFs, Fe–
Ni LDH, and NiFe2O4 in a 0.1 mol L−1 NaOH solution, with and
without the addition of 0.1 mol L−1 KNO3. Notably, all catalysts
demonstrate increased current densities upon the introduction
of NO3

−, indicating their efficacy in promoting NO3
− reduction

for NH3 synthesis. This graph reveals a common trend of all
catalysts, showing an increase in current density upon the
introduction of NO3

−. This indicates that NH3 synthesis
through NO3

− reduction can occur on these catalysts. Simulta-
neously, the current density of NiFe2O4 in the gure is signi-
cantly higher than those of Fe MOFs and Fe–Ni LDH. This
outcome indicates that, for NO3

−RR, NiFe2O4 is more active and
exhibits superior performance. Fig. 3d and g display the LSV
curves of NiFe2O4 with various nickel source ratios and calci-
nation temperatures in a 0.1 mol L−1 NaOH solution, both with
and without the addition of 0.1 mol L−1 KNO3. The results
indicate that the addition of double amount nickel source and
the NiFe2O4 calcined at 350 °C exhibit higher current density
and superior performance. To further investigate the electro-
catalytic performance of the catalyst, chronoamperometry
measurements (it) were conducted at various potentials in
olution, with andwithout the addition of 0.1 M KNO3. (b and c) NH3 yield
spectively. (d) LSV of the 0.43 mmol, 0.86 mmol and 1.29 mmol Ni in
and f) NH3 yield rate and NH3 FE of the 0.43 mmol, 0.86 mmol and
the 300 °C, 350 °C and 400 °C NiFe2O4 in a 0.1 M NaOH solution, with
E of the 300 °C, 350 °C and 400 °C NiFe2O4 in a 0.1 M NaOH and KNO3

Sustainable Energy Fuels
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a 30 mL solution containing a mixture of 0.1 mol L−1 NaOH and
KNO3. Each measurement was performed for 1 hour at different
potentials. When the measurements were completed, the
concentration of NH3 in the catholyte was calculated using the
ultraviolet-visible (UV-vis) absorption spectra (Fig. S5a†) and the
calibration curve (Fig. S5b†). Fig. 3b and c illustrate the NH3

yield and FE of three different catalysts: pure MOFs, Fe–Ni LDH,
and NiFe2O4. The NH3 yield of all three catalysts increase as the
potential becomes more negative. When the potential is shied
to −0.8 V (vs. RHE), the NH3 yield for pure MOFs, Fe–Ni LDH,
and NiFe2O4 are 11.05, 15.67, and 21.45 mg h−1 cm−2, respec-
tively. The maximum FE for pure MOFs, Fe–Ni LDH, and
NiFe2O4 is 92.54%, 93.00%, and 97.65%, respectively, while the
minimum values is 79.71%, 84.62%, and 92.74%. These results
indicate that among these three catalysts, NiFe2O4 demon-
strates superior electrocatalytic performance for the NO3

−RR.
To further explore the impact of nickel doping ratio and calci-
nation temperature on the performance of NiFe2O4, impedance
measurements are also conducted on the catalyst at different
potentials. As shown in Fig. 3e and f, at a calcination temper-
ature of 350 °C with the amount of nickel at 0.86 mmol (double
the amount of nickel), the catalyst exhibits the highest NH3

yield and FE, reaching maximum values of 21.45 mg h−1 cm−2

and 97.65%, respectively. This is signicantly higher than the
case with a single nickel addition (yield: 18.07 mg h−1 cm−2, FE:
96.35%) and triple nickel addition (yield: 17.96 mg h−1 cm−2,
FE: 94.54%). These results indicate that a double amount of
Fig. 4 (a) The yield rate and FE of byproducts NO2
− and N2H4 betwee

spectrum of the electrolyte after eNO3
−RR on NiFe2O4 at −0.8 V with 15

alternating cycles between with and without NO3
− electrolyte of NiFe2O

Sustainable Energy Fuels
nickel represents the optimal ratio. In Fig. 3h and i, under the
condition of adding double amount of nickel, the catalyst
exhibits the best performance at a calcination temperature of
350 °C (yield: 21.45 mg h−1 cm−2, FE: 97.65%). This is signi-
cantly superior to the performance at 300 °C (yield: 19.06 mg
h−1 cm−2, FE: 88.05%) and 400 °C (yield: 14.78 mg h−1 cm−2,
FE: 92.56%). Through exploration, it is determined that the
NiFe2O4 exhibits the best NO3

−RR performance when double
amount of nickel is added and the calcination temperature is
set at 350 °C.

To investigate the selectivity of NiFe2O4, the concentrations
of the main byproducts, NO2

− and N2H4, were detected and
calculated by UV-vis (see Fig. S5†). As shown in Fig. 4a, the FE of
NO2

− decreases from 4.5% to 2.3% with the increasing voltage,
and the production rate of NO2

− increases from 0.24 mg h−1

cm−2 to 0.49 mg h−1 cm−2, indicating that the synthesis of NH3

is accompanied by the generation of trace amounts of NO2
− at

each applied potential. Additionally, the presence of N2H4 in the
electrolyte was hardly observed (Fig. 4a). Overall, the production
of byproducts is negligible compared to the yield and FE of NH3,
indicating that NiFe2O4 exhibits good selectivity for NO3

−RR.
Additionally, to demonstrate the source of NH3, we con-

ducted 15N isotope labeling experiments and cyclic chro-
noamperometry measurements for seven cycles. As shown in
Fig. 4b, in the 1H nuclear magnetic resonance (NMR) spectra of
the electrolyte, aer the reaction in the 15NO3

− solution, two
peaks corresponding to 15NH4

+ are clearly observed. In contrast,
n −0.4 and −0.8 V for NiFe2O4. (b)
1H nuclear magnetic resonance

NO3
− and 14NO3

− as nitrogen sources. (c) The NH3 yield rate and FE in

4 at −0.8 V. (d) 10-Cycle test of NiFe2O4 at −0.8 V.

This journal is © The Royal Society of Chemistry 2024

https://doi.org/10.1039/d4se01074d


Paper Sustainable Energy & Fuels

Pu
bl

is
he

d 
on

 0
8 

N
ov

em
be

r 
20

24
. D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ity
 o

f 
M

as
sa

ch
us

et
ts

 -
 D

ar
tm

ou
th

 o
n 

11
/1

8/
20

24
 2

:2
9:

51
 P

M
. 

View Article Online
when reacting in the 14NO3
− solution, a triplet coupling peak

attributed to 14NH4
+ is detected. This indicates that the

produced NH3 originates entirely from NO3
−. As depicted in

Fig. 4c, electrolysis experiments are carried out for a total of 7
cycles at −0.8 V vs. RHE in 0.1 M NaOH (with and without
NO3

−). The results reveal that NH3 is solely obtained in the
electrolyte containing NO3

−, providing additional conrmation
that the origin of NH3 is exclusively from NO3

−.
Stability is a crucial metric for evaluating catalyst perfor-

mance. We evaluated the stability through a ten-cycle stability
test by electrolysis at −0.8 V vs. RHE and post-reaction XRD
analysis of the catalyst. As shown in Fig. 4d, slight uctuations
can be observed in both NH3 yield and faradaic efficiency (FE),
but they remain around 20 mg h−1 cm−2 and 90%, respectively.
As shown in Fig. S6,† the catalyst material retained its original
crystal planes aer the reaction, indicating that the catalyst
exhibits excellent stability.
3.3. Mechanisms study for NO3
−RR

To elucidate the excellent performance of NiFe2O4 in NO3
−RR

and the role of Fe and Ni elements in the reaction, we con-
structed NiFe2O4, Ni0.75Fe2.25O4 and Ni1.5Fe1.5O4 molecular
models (Fig. S7†) with varying Fe and Ni ratios based on
structural characterization results, and performed density
functional theory (DFT) calculations along the reaction pathway
(*NO3 / *NO2 / *NO / *N / *NH / *NH2 / *NH3).
Fig. 5a illustrates the adsorption congurations of the reaction
intermediates on NiFe2O4 during the electrocatalytic process.
Furthermore, depicted in Fig. 5b–d, the band gaps for
Ni1.5Fe1.5O4, NiFe2O4, and Ni0.75Fe2.25O4 are 0.29, 0.21, and
0.58 eV, respectively. Notably, NiFe2O4 displays the narrowest
band gap of 0.21 eV, suggesting enhanced conductivity and
Fig. 5 (a) Intermediates of all optimized structures of the NiFe2O4 eNO3

Ni0.75Fe2.25O4.

This journal is © The Royal Society of Chemistry 2024
swier charge transfer rates in comparison to the other two
compositions. The charge density differences shown in Fig. 6a
illustrate the electron redistribution at the NiFe2O4 interface,
where Fe and Ni atoms lose electrons (yellow regions), with
abundant electron accumulation on NO3 surface (blue regions),
promoting the NO3

−RR. Substantial electron accumulation on
O3 is conducive to the initial hydrogenation–deoxygenation
step.

Meanwhile, in this step, as illustrated in Fig. 6b and c, the
Fe–O8 bond near the Fe active site remains unchanged, while
the Fe–O6 and Fe–O7 bonds elongates slightly from 1.84 to 1.85
Å and 1.85 to 1.86 Å, respectively. In contrast, the length vari-
ations of the Ni–O bonds near the Ni active site are more
pronounced, with the Ni–O6, Ni–O4, and Ni–O5 bonds elon-
gating from 1.84 to 1.94 Å, 1.84 to 1.91 Å, and 1.85 to 1.95 Å,
respectively. For the *NO/ *N deoxygenation step, as depicted
in Fig. 6f, both Fe and Ni transfer charges to O, leading to
distinct charge depletion regions. Also, in this step, as shown in
Fig. 6d and e, the Fe–O6 bond elongates from 1.85 to 1.86 Å,
while both the Fe–O8 and Fe–O7 bonds shorten from 1.89 to
1.87 Å, and the Fe–N bond shortens from 1.85 to 1.82 Å. The
formation of the Ni–N bond is accompanied by the elongation
of Ni–O6, Ni–O4, and Ni–O5 bonds from 1.92 to 1.95 Å, 1.88 to
1.96 Å, and 1.89 to 1.96 Å, respectively. Thus, in the bimetallic
active site, Fe primarily facilitates charge transfer while Ni
contributes predominantly to structural adjustment.

Fig. 6a shows the Gibbs free energy (DG) diagrams during the
NO3

−RR process on the surface of NiFe2O4. The rst step
corresponds to the *NO3

− adsorption, the Gibbs free energy
decreases distinctly for these three catalysts. Especially, it is
steeper for the surface with NiFe2O4, and the free energy of
NiFe2O4 (−2.57 eV) is more favorable for *NO3 adsorption as
compared to those of Ni0.75Fe2.25O4 (−1.328 eV) and Ni1.5Fe1.5O4
−RR reaction process. Band diagram of (b) Ni1.5Fe1.5O4, (c) NiFe2O4, (d)

Sustainable Energy Fuels
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Fig. 6 The charge density differences of (a) *NO3 and (f) *NO (yellow regions: electrons consumption, blue regions: electrons accumulation).
The structural model of (b) NiFe2O4, (c) *NO3 with NiFe2O4, (d) *NO with NiFe2O4 and (e) *N with NiFe2O4 (atomic colors represent: golden, Fe;
gray, Ni; purple, N; red, O). (g) Free energy changes in each step of the reaction processes on Ni0.75Fe2.25O4, NiFe2O4, and Ni1.5Fe1.5O4.
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(−1.328 eV). A higher energy barrier is observed during the step
from *NO to *N, which was identied as the rate-determining
step (RDS). The energy barriers for Ni0.75Fe2.25O4, NiFe2O4,
and Ni1.5Fe1.5O4 are −1.14 eV, −0.65 eV, and −0.85 eV, respec-
tively. Therefore, NiFe2O4 exhibits higher NO3

−RR activity as
compared to Ni1.5Fe1.5O4 and Ni0.75Fe2.25O4.

4. Conclusion

In summary, we successfully synthesized a catalyst (NiFe2O4)
derived from MOFs and investigated their electrocatalytic
performance in NO3

− reduction for NH3 synthesis. The NiFe2O4

catalyst prepared with double amount of Ni precursor and
subjected to calcination at 350 °C exhibited remarkably high
NH3 production rates and FE in 0.1 M NaOH with 0.1 M NO3

−

solution, reaching maximum values of 21.45 mg h−1 cm−2 and
Sustainable Energy Fuels
97.65%, respectively, at −0.8 V vs. RHE. These performance
levels signicantly surpassed those reported for most catalysts
operating under similar conditions. DFT calculations revealed
that the NiFe2O4 catalyst with double amount of Ni precursor is
more conducive to reducing the RDS free energy of NO3

− to NH3

compared to catalysts with a single or triple amount of Ni
precursor, thereby enhancing the performance of NO3

−RR. Our
research provides an attractive approach to addressing waste-
water treatment and designing efficient electrochemical NH3

synthesis catalysts.
Data availability

All relevant data are within the manuscript and its additional
les.
This journal is © The Royal Society of Chemistry 2024
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