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A B S T R A C T   

Electrochemical reduction of nitrate in wastewater to synthesize high-value energy, ammonia, is a promising 
technology to deal with the energy crisis and environmental pollution. It is an urgent task for this technology to 
find efficient, stable and environmental-friendly catalysts. This work innovatively applied transition metal (Mn, 
Co, Cu) doped LaFeO3 as the electrocatalyst to reduce nitrate to ammonia. Cu-doped LaFeO3 exhibited the op
timum activity, achieving the ammonia yield of 1005.0 μg h− 1cm− 2 at − 1.1 V (vs. RHE) and the Faradaic ef
ficiency of 71.9% at − 1.0 V (vs. RHE). The highly efficient electrocatalytic activity could be mainly attributed to 
the oxygen vacancies on the surface of the catalyst generated from Cu-doping. The oxygen atoms in the nitrate 
tended to fill in the oxygen vacancies, which promoted the adsorption of NO3

- and weakened the N-O bonds. 
Besides, the oxygen vacancies and Cu sites could combine easily with the intermediate in the reaction, and their 
existence could also enhance the conductivity of the catalyst. Moreover, the catalyst showed outstanding stability 
and performed even enhanced activity during recycling, which was arised from the ferroelectricity of the 
catalyst. The ammonia yield was as high as 1250.5 μg h− 1cm− 2 in the third cycle, and the Faradaic efficiency was 
74.5% in the fifth cycle at − 1.0 V (vs. RHE). This work presents a good paradigm of catalysts for the electro
chemical synthesis of ammonia.   

1. Introduction 

Ammonia (NH3) is a promising energy carrier because it is carbon- 
free, hydrogen-rich and has a high energy density. Besides, it is irre
placeable in the chemical industry, agriculture and medicine. Currently, 
the Haber-Bosch process is mainly employed in industry to synthesize 
ammonia, while high temperature (300–500 ℃) and high pressure 
(200–300 bar) are necessary conditions, which can lead to high energy 
consumption and carbon dioxide emissions [1–4]. With the develop
ment of renewable energy such as solar energy and wind energy, elec
trochemical synthesis of ammonia is becoming a competitive method. 
However, nitrogen (N2) has little potential to be used as a raw material 
for industrial electrochemical synthesis of ammonia due to the high 
dissociation energy (941 kJ mol− 1 for N–––N), low proton affinity and 
low solubility [5,6]. As a widely existing pollutant in water, nitrate 
(NO3

- ) is gradually regarded as an alternative raw material for the 
electrochemical synthesis of ammonia for the low dissociation energy of 
the N = O bond (204 kJ mol− 1) [5]. Therefore, it has attracted extensive 
attention worldwide to reduce nitrate in wastewater to ammonia 

through an electrochemical route. This technology is expected to play a 
remarkable role in response to the energy crisis and environmental 
pollution, which makes it the most pressing demand of the day to find 
efficient and stable catalytic electrode materials. 

Among metal-based catalysts, some transition metal (TM) elements 
like Cu [5–8], Co [9,10], and Ni [11,12] have been proved to have the 
ability of electrocatalytic reduction of nitrate. It is well known that Fe in 
nitrogenase plays a vital role in the natural nitrogen fixation system. The 
key role of Fe in the catalysts of Haber-Bosch process also proves that Fe 
can serve as important active sites for ammonia synthesis. And Fe has 
moderate binding ability with oxygen and nitrogen, and is expected to 
exhibit good activity of reducing nitrate. Moreover, Fe is one of the most 
abundant elements in the Earth’s crust, far surpassing other transition 
metal elements, with low prices and environmental friendliness. Previ
ous work has demonstrated the remarkable ability of Fe-based materials 
to electrochemically reduce nitrate to ammonia [13–15]. Wu et al. [13] 
reported a selective and active nitrate reduction to ammonia on Fe single 
atom catalyst, with a maximal ammonia Faradaic efficiency of ~ 75% 
and a yield rate of up to 0.46 mmol h− 1 cm− 2. Wang et al. [14] prepared 
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N-doped carbon nanosheets supported Fe3C nanoflakes, and the NH3 
yield and faradaic efficiency were up to 1.19 mmol h− 1 mg− 1 and 96.7%, 
respectively. Liu et al. [15] reported that FeOOH nanorod reduced ni
trate to ammonia with the yield of 2419 μg h− 1 cm− 2 and the Faradic 
efficiency of 92%. Although only a few studies have investigated the 
ability of perovskites as electrocatalysts of NO3

- reduction reaction 
(NO3RR) until now, Fe-based perovskites were still selected in the first 
place among perovskite materials. In 2022, Wang et al. [16] reported 
that BiFeO3 flakes with a distorted perovskite-type structure could 
deliver an excellent performance for electrochemical NO3RR. Also in 
2022, Yang et al. [17] compared the electrocatalytic abilities of four 
perovskite oxide cathodes, LaMO3-δ (M = Fe, Co, Ni and Cu) for NO3RR. 
According to their work, the Ruddlesden-Popper type La2CuO4 per
formed a better electrocatalytic activity than Fe-based perovskite, 
LaFeO3. In 2023, Zheng et al. [18] reported that LaCoO3 surpassed 
LaFeO3 and other three perovskite as the electrocatalyst for NO3RR. In 
the above studies, the potential of Fe-based perovskites for electro
chemical NO3RR has not been fully explored, and specific methods to 
improve the ability of Fe-based perovskites need to be proposed. Be
sides, ferroelectricity is an important property of many perovskite ma
terials, and its influence on electrochemical NO3RR was not discussed in 
the above studies. 

Herein, we synthesized perovskite LaFeO3 by a sol-gel method 
employed it as the catalyst for electrochemical synthesis of NH3 from 
NO3

- . In order to furthur exploit the catalytic potential of LaFeO3, oxygen 
vacancy engineering is a feasible idea [19–23]. We selected several 
typical transition metals (Mn, Co, Cu) to modify LaFeO3 by B-site 
doping, as transition metal atom doping is often employed to form a 
large number of oxygen vacancies on the surface of perovskite. The 
doped LaFeO3 catalysts were also employed for electrochemical NH3 
synthesis to compare their activities with the original LaFeO3 catalyst. 
The results showed that Co or Cu doping was conducive to the electro
catalytic activity of the catalysts, and Cu-doped LaFeO3 exhibited the 
optimum electrocatalytic ability. Moreover, Cu-doped LaFeO3 not only 
performed excellent stability, but also showed an upward trend as to the 
ammonia yield and the Faradaic efficiency in consecutive recycling 
experiments, which was arised from the ferroelectricity of the catalyst. 
Finally, we proposed the mechanism of the highly efficient electro
chemical reduction of nitrate to ammonia on Cu-doped LaFeO3 after 
discussion. The highly efficient electrocatalytic activity was mainly 
attributed to the existence of oxygen vacancies due to Cu-doping. 

2. Experimental 

2.1. Preparation of catalysts 

The original LaFeO3 and TM doped samples, LaFe0.9TM0.1O3-δ 
(TM=Mn, Co, Cu), were synthesized by a standard sol-gel method [24, 
25]. In a typical procedure, lanthanum nitrate hexahydrate (La(NO3)3`6 
H2O, 99.9%) and iron nitrate nonahydrate (Fe(NO3)3`9 H2O, 98.5%) 
were dissolved with deionized water according to the stoichiometric 
ratio. Ethylenediamine tetraacetic acid (EDTA, AR) and citric acid 
monohydrate (CA, 99.5%) were then added following the molar ratio of 
total metal ions: EDTA: CA= 1: 1: 2.5. The pH of the solution was 
adjusted to ~6 with the ammonia solution (25.0–28.0%). After that, the 
solution was stirred in a water bath at 90 ℃ for ~2 h to obtain a 
transparent gel. The gel was dried in the air at 200 ℃ for 2.5 h to obtain 
a solid precursor. And then, it was calcined at 650 ℃ for 3 h in the air to 
obtain the original LaFeO3 sample (denoted as LF). The TM doped 
samples, LaFe0.9TM0.1O3-δ (TM=Mn, Co, Cu) (denoted as LFMn, LFCo, 
LFCu, respectively) were synthesized via a similar procedure, with the 
dosage of Fe(NO3)3`9 H2O reduced and the addition of manganese ni
trate hexahydrate (Mn(NO3)2`6 H2O, 98%), cobalt nitrate hexahydrate 
(Co(NO3)2`6 H2O, 99%), or copper nitrate hydrate (Cu(NO3)2`x H2O, 
99.99%) according to the stoichiometric ratio. 

2.2. Characterization 

X-ray diffraction (XRD) patterns of prepared samples were recorded 
by BrukerAXS D8 (Cu Kα radiation, scan rate = 5◦/min) to determine the 
composition of the samples. The microscopic morphologies of the sam
ples were photographed by scanning electron microscope (SEM, ZEISS 
Gemini 300, acceleration voltage = 3.0 kV). An energy dispersive 
spectrometer (EDS, Oxford Xplore, acceleration voltage = 15.0 kV) 
equipped on the SEM was employed to determine the elemental 
composition of the samples. Inductively coupled plasma-optical emis
sion spectroscopy (ICP-OES, Agilent 720ES) was employed to determine 
the chemical composition of prepared catalysts. X-ray photoelectron 
spectroscopy (XPS) patterns of the samples were recorded by Thermo 
Scientific K-Alpha (Al Ka radiation, hν=1486.6 eV) to investigate the 
composition and valence states of the elements. 

2.3. Electrochemical ammonia synthesis 

The working electrode used in the electrochemical reaction was 
formed by clamping carbon paper (CP) with a platinum electrode clamp. 
The CP had an exposed area of 1 × 1 cm2 and had been coated with the 
catalyst several times to form a covering of 1 mg/cm2. The ink used for 
coating the catalyst was a homogeneous suspension formed by soni
cation of 5 mg catalyst and 40 μL Nafion solution (5 wt%) in 960 μL 
ethanol solution (Vwater: Vethanol = 1: 3). 

Electrochemical experiments were performed using an electro
chemical workstation (CHI 660E, CH Instruments, Shanghai) to control 
a standard H-type three-electrode reaction system. The two cells were 
separated by a Nafion117 membrane treated at 80 ℃ with 5 wt% 
hydrogen peroxide for 1 h, deionized water for 0.5 h, 5 wt% dilute 
sulfuric acid for 1 h and deionized water for 0.5 h beforehand. Besides 
the working electrode mentioned above, the reference electrode was an 
Ag/AgCl electrode (saturated with KCl), and the counter electrode was a 
Pt foil electrode. The anode electrolyte was 45 mL 0.1 M Na2SO4 solu
tion, and the cathode electrolyte was 45 mL 0.1 M Na2SO4/0.1 M NaNO3 
(unless otherwise stated in the control experiments). Before each test, Ar 
was bubbled into the cathode electrolyte with magnetic stirring for 30 
min. And then, a Cyclic Voltammetry (CV) process was performed (100 
mV s− 1) to activate the catalyst and stabilize the reaction system. In 
Linear Sweep Voltammetry (LSV) tests, the scanning rate was settled at 
5 mV s− 1. Amperometric i-t curves were employed to perform electro
chemical reactions for 2 h. Ar bubbling and magnetic stirring were kept 
all the time. 

2.4. Determination of products 

After 2 h of electrochemical reaction, the cathode electrolyte was 
taken to determine the products. The concentration of ammonia was 
determined by the indophenol blue method (see the Supplementary 
Information for details) [26,27]. The concentration of by-product, ni
trite (NO2

- ), was detected referring to previous work (see the Supple
mentary Information for details) [12]. 

The yield (μg h− 1cm− 2) of product X ( X = NH3 or NO2
- ) was calcu

lated as: 

YX =
cX × V
t × A  

where cX (μg mL− 1), V (mL), t (h), and A (cm2) were the concentration of 
X, the volume of cathode electrolyte, the reaction time and the geo
metric area of the working electrode, respectively. 

The Faradaic efficiency for NH3 production was calculated as: 

FENH3 =
8F × cNH3 × V × 10− 6

MNH3 × Q  

where MNH3 (g mol− 1) and Q (C) were the molar mass of NH3 and the 
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total charge passing through the electrode, respectively. And F referred 
to the Faraday constant (96485 C mol− 1). 

[NO2
- ]/[NH3] was defined as the molar ratio of NO2

- and NH3 in the 
products to evaluate the selectivity of the reaction, and it was calculated 
as: 

[NO−
2 ]
/
[NH3] =

cNO−
2

/
MNO−

2

cNH3

/
MNH3  

where MNO−
2 

(g mol− 1) was the molar mass of NO2
- . 

3. Results and discussion 

3.1. Characterization of as-prepared catalysts 

Fig. 1(a) shows the overall XRD patterns of LF, LFMn, LFCo, and 
LFCu samples. The patterns are all consistent with PDF#88–0641. All 
three doped samples had a pure orthorhombic crystal structure (space 
group Pnma) as the original LF sample. Transition metal doping does not 
lead to impurity peaks. Fig. 1(b) presents the partially enlarged XRD 
patterns of the prepared samples. The figure shows that the main peak 
corresponding to the (1 2 1) plane shifted slightly to a higher angle after 
doping the transition metal, which was consistent with previous studies 
[28–30]. This indicated that transition metal ions were successfully 
doped into the lattice of perovskite. The difference between the radius of 
transition metal ions and Fe3+ ions causes the inclination of FeO6 
octahedra, which leads to the shift of peak position. 

The microscopic morphologies of the samples were photographed by 
SEM, as shown in Fig. 2. It could be estimated that the particle size of the 
LF catalyst was about 50 nm according to Fig. 2(a). The particle size of 
LFCo was similar to LF (Fig. 2(c)), while that of LFCu was smaller (Fig. 2 
(d)). The particle size of LFMn was the smallest among all catalysts, 
which was estimated to be only 20–30 nm according to Fig. 2(b). Fig. 3 
displays the EDS mappings of transition metal doped samples. It is 
apparent in the figures that La, Fe, O and transition metal elements were 
evenly distributed in the doped samples. This confirmed the conclusion 
of XRD tests that transition metals were successfully doped into the 
lattice of perovskite. Table 1 shows the weight percentage of La, Fe, and 
the doped TM elements in the prepared catalysts. Accordingly, the molar 
ratios of La, Fe and doped TM elements in the catalysts were calculated 
as 1: 0.94: 0.11, 1: 0.92: 0.10, and 1: 0.90: 0.08 for LFMn, LFCo, and 
LFCu respectively. This indicated that LaFe0.9TM0.1O3-δ (TM=Mn, Co, 
Cu) were successfully synthesized by the sol-gel method stated in this 
paper. 

XPS spectra of prepared samples were recorded to investigate the 
composition and valence states of the elements, as shown in Fig. 4. Fig. 4 
(a) shows the Mn 2p spectrum of LFMn. It could be concluded that Mn 2p 

peaks had significantly split spin-orbit components, and the spin-orbit 
gap difference between Mn 2p3/2 and Mn 2p1/2 was about 11.6 eV. 
The peaks located at 641.7 and 644.0 eV corresponded to the 3 + and 
4 + oxidation states of Mn, respectively [28]. Besides, a dwarf satellite 
peak was also observed, indicating that there may be a small amount of 
Mn in the 2 + oxidation state. Fig. 4(b) displays the Co 2p spectrum of 
LFCo. The Co3+ 2p peak was split into a group of double peaks located at 
779.9 and 794.6 eV, respectively, due to spin-orbit splitting, and the 
spin-orbit gap difference was about 14.7 eV. Similarly, a set of double 
peaks located at 782.4 and 797.4 eV were assigned to Co2+ 2p3/2 and 
Co2+ 2p1/2, respectively. In addition, several satellite peaks were also 
observed on the spectrum. The above characteristics indicated that Co 
existed in the mixed oxidation state of Co2+/Co3+ [31–33]. The Cu 2p 
spectrum of LFCu is shown in Fig. 4(c). A group of double peaks located 
at 933.1 and 952.8 eV with a spin-orbit gap difference of 19.7 eV were 
observed, as well as two satellite peaks with strong signals. This proved 
the existence of + 2 oxidation state of Cu in the LFCu catalyst. Besides, 
the peaks located at 932.7 and 952.2 eV were assigned to Cu+ 2p3/2 and 
Cu+ 2p1/2, respectively. The characteristics of the spectrum illustrated 
the mixed oxidation state of Cu+/Cu2+ in the LFCu catalyst [17,30]. 

Fig. 4(d) displays the O 1 s spectra of LF, LFMn, LFCo, and LFCu. 
There are four peaks located at 528.8–529.3, 530.4, 531.3 and 532.7 eV, 
respectively, corresponding to lattice oxygen (Olattice), highly oxidative 
oxygen species (O2

2-/O-), surface adsorbed oxygen or hydroxyl groups 
(Oads), and surface-adsorbed water (OH2O), respectively [25,34,35]. The 
figure clearly shows that the order of O2

2-/O- content in each catalyst 
from high to low was LFCu > LFCo > LF > LFMn. The atomic percent
age of different kinds of oxygen species measured from the O 1 s spectra 
was shown in Table 2, which confirms the information in the figure. The 
atomic percentage of O2

2-/O- in all oxygen elements in the original LF 
catalyst was 2.85%. In LFCo and LFCu, this value increased to 5.71% and 
8.34%, respectively, which was 2.0 and 2.9 times that of the original LF 
catalyst. However, the content of O2

2-/O- in LFMn was less than that in 
LF, only 1.5%. Previous studies have stated that O2

2-/O- species were 
closely related to the surface oxygen vacancies of catalysts [25,34]. The 
increase of O2

2-/O- content in LFCo and LFCu indicated that a large 
number of oxygen vacancies were generated on the surface under the 
influence of charge balance after Co or Cu was doped in the perovskite 
lattice. Cu doping was more beneficial because Cu existed in the 
oxidation state of Cu+/Cu2+, while Co existed as Co2+/Co3+, and the 
former had a greater charge difference with the replaced Fe3+. However, 
Mn mainly existed in the oxidation state of + 3 and less in the oxidation 
state of + 4, so few oxygen vacancies formed on the surface of LFMn. 

3.2. Electrochemical experiments 

LSV tests were conducted to assess whether the prepared catalysts 

Fig. 1. (a) Overall and (b) partial XRD patterns of as-prepared LF, LFMn, LFCo, and LFCu.  
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could reduce nitrate to ammonia, as shown in Fig. 5(a). Potentials 
throughout this work were remarked referring to reversible hydrogen 
electrode (RHE) according to the Nernst equation [12]: 

ERHE = EAg/AgCl + 0.059 × pH + 0.198 

LSV curves showed that in the tested potential range, when the 
electrolyte contained nitrate, the current density flowing through the LF 
electrode was larger than that when the electrolyte contained no nitrate. 
The difference of the current density proved that the original LF catalyst 
had the ability to reduce nitrate. For a TM doped catalyst (taking LFCu as 
an example), the current density flowing through the electrode was 
larger than that of the LF electrode, especially when there was nitrate in 
the electrolyte. This illustrated that TM doping was expected to improve 
the electrocatalytic ability of LF perovskite, especially the ability of ni
trate reduction. 

Experimental results of electrochemical nitrate reduction using 
different catalysts are presented in Fig. 5(b). The original LF could 
achieve the NH3 yield of 49.0 μg h− 1cm− 2 and the Faradaic efficiency of 
50.7% at − 0.7 V. After doping Co or Cu, the activity of the catalysts was 
significantly improved. The NH3 yield of LFCo and LFCu was 72.6 and 
104.0 μg h− 1cm− 2, respectively, which was 1.5 and 2.1 times that of 
original LF, respectively. The Faradaic efficiency of LFCo and LFCu was 
50.9% and 51.5%, respectively, which was also higher than that of the 
original LF. However, LFMn could only achieve the NH3 yield of 
46.2 μg h− 1cm− 2 and the Faradaic efficiency of 44.0%, and the catalytic 
activity was worse than that of the original LF. The catalytic activity of 
all prepared catalysts was LFCu > LFCo > LF > LFMn from high to low. 
This was consistent with the order of the content of oxygen vacancies on 
the catalysts. It confirmed the conclusions of previous studies that ox
ygen vacancies on the surface of catalysts had a significant positive ef
fect on the activity of nitrate reduction [19–23]. 

Experiments of electrochemical reduction of nitrate at different po
tentials using LFCu were conducted to find the optimum potential, as 
shown in Fig. 6(a). As the potential varied from − 0.6 V to − 1.1 V, the 
NH3 yield increased significantly from 53.3 μg h− 1cm− 2 at − 0.6 V to 
1005.0 μg h− 1cm− 2 at − 1.1 V, and the latter was nearly 19 times that of 
the former. When the potential changed from − 0.6 V to − 1.0 V, the 
Faradaic efficiency increased continuously, reaching the maximum 
(71.9%) at − 1.0 V. However, when the potential became more negative 
(− 1.1 V), the Faradaic efficiency slightly decreased to 70.6%. This slight 
decrease was due to the competitive hydrogen evolution reaction (HER) 
at more negative potentials. This was consistent with Fig. 5(a). Even if 
no nitrate was added to the electrolyte, the current density became 
larger when the potential became more negative, which indicated that 
HER occurred. 

Fig. 6(b) displays the production of another product, NO2
- , of the 

electrochemical reduction of nitrate using the LFCu catalyst. As the 
negative potential changed from − 0.6 V to − 1.1 V, NO2

- yield pre
sented an overall upward trend. In order to clearly present whether the 
product was primarily nitrite or ammonia, we defined the molar ratio of 
nitrite to ammonia, [NO2

- ]/[NH3], as described in Section 2.4. As shown 
in Fig. 6(b), [NO2

- ]/[NH3] was 3.15 at the potential of − 0.6 V, indi
cating that nitrite was the main product at this potential. [NO2

- ]/[NH3] 
decreased with the potential getting more negative, and it decreased to 
0.50 when the potential was − 0.9 V, demonstrating that the main 
product changed from NO2

- to NH3. [NO2
- ]/[NH3] further decreased and 

maintained less than 1 when the potential changed from − 0.9 to 
− 1.1 V, which proved that NH3 was dominant in the products within 
this potential range. Finally, [NO2

- ]/[NH3] reached the minimum of 0.27 
at − 1.1 V. In this case, the selectivity of NH3 in the products after re
action was remarkable, and the output of the by-product NO2

- was 
relatively small. The above discussion demonstrated that the selectivity 

Fig. 2. SEM images of (a) LF, (b) LFMn, (c) LFCo, and (d)LFCu.  
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Fig. 3. EDS mappings of (a) LFMn, (b) LFCo, and (c) LFCu (scale bar: 1 µm).  
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of the reaction could be optimized to obtain the desired product, NH3, by 
choosing the appropriate reaction potential. 

Consecutive recycling experiments were conducted at − 1.0 V to test 
the stability of LFCu catalyst, as shown in Fig. 6(c). The results showed 
that the NH3 yield did not decrease but even increased obviously after 
multiple cycles. The NH3 yield in the third cycle was even as high as 
1250.5 μg h− 1cm− 2, and in the fifth cycle it was 1168.1 μg h− 1cm− 2, 
which was also higher than 807.9 μg h− 1cm− 2 in the first cycle. After 
several cycles, the Faradaic efficiency did not decrease but showed a 
slight upward trend, reaching 74.5% in the fifth cycle, which was higher 
than 71.9% in the first cycle. The increased electrochemical activity of 
prepared LFCu catalyst during recycling may arise from the ferroelec
tricity of lanthanum ferrite material. When the fresh LFCu catalyst un
derwent the first cycle, ferroelectric polarization occurred under the 
influence of the applied electric field. As the catalyst was employed in 
the subsequent cycles, the residual polarization promoted the charge 
seperation and facilitated the charge transfer between the catalyst and 
the electrolyte [36–38]. Thus, the electrochemical activity of prepared 
LFCu catalyst was not weakened but boosted during cyclic experiments. 
This indicated that LFCu catalyst had excellent cyclic stability and was 

expected to meet the demand of industrialization. 
Control experiments (Fig. 6(d)) were carried out to verify whether 

NH3 produced in this work was formed by the electrochemical reduction 
of NO3

- on the prepared catalysts. The NH3 yield was only 
14.5 μg h− 1cm− 2 on the bare carbon paper at − 0.7 V, which was far 
lower than LFCu catalyst (104.0 μg h− 1cm− 2) at the same potential. And 
almost no NH3 was detected in the electrolyte without NO3

- in the 
electrolyte or at the open circuit potential. These control experiments 
were sufficient to prove that the NH3 synthesized in this work was 
generated by the electroreduction of NO3

- on the prepared catalysts. 
The schematic model of electrocatalytic reduction of NO3

- to NH3 on 
LFCu catalyst was presented, as shown in Fig. 7, according to the 
characterization tests and the electrochemical experiments. It is well 
known that the electrochemical reduction of nitrate to ammonia can be 
divided into two steps [23]. First, NO3

- is adsorbed and converted to 
*NO2, which is the rate-determining step. Second, *NO2 was converted 
to products, which is the selectivity-determining step. When a small 
amount of Fe3+ in the LFCu catalyst was replaced by Cu+/Cu2+, oxygen 
vacancies were generated on the surface of the catalyst in order to 
achieve charge balance. The oxygen atoms in NO3

- would fill in the 

Table 1 
Chemical composition of prepared catalysts measured by ICP-MS.  

Catalyst Weight percentage (%) La: Fe: TM 
(molar ratio) 

La Fe TM 

LFMn  57.66  21.79  2.43 1: 0.94: 0.11 
LFCo  57.25  21.21  2.51 1: 0.92: 0.10 
LFCu  57.31  20.70  2.04 1: 0.90: 0.08  

Fig. 4. XPS spectra of (a) Mn 2p of LFMn, (b) Co 2p of LFCo, (c) Cu 2p of LFCu and (d) O 1 s of LF, LFMn, LFCo, and LFCu.  

Table 2 
Atomic percentage of different kinds of oxygen species measured by XPS.  

Catalyst Olattice O2
2-/O- Oads OH2O 

LF  60.73  2.85  31.11  5.32 
LFMn  58.94  1.5  31.62  7.95 
LFCo  55.23  5.71  30.82  8.25 
LFCu  44.92  8.34  39.08  7.66  
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oxygen vacancies on the surface of LFCu. Thus the adsorption of NO3
- 

was enhanced [22], and the N-O bonds were weakened and easy to 
break [20]. Therefore, the rate-determining step was enhanced, and the 
NH3 yield was improved. In the selectivity-determining step, the inter
mediate, *NO2, tended to bind to both oxygen vacancies [23] and Cu [8] 
rather than desorb to form the by-product, NO2

- , thus the selectivity of 
NH3 was enhanced. Besides, both oxygen vacancies and Cu+/Cu2+ in 
LFCu could increase the interstitial states, improving the conductivity of 
the catalyst [7,22]. Based on the above reasons, LFCu performed well as 
an electrocatalyst to reduce NO3

- to NH3, and it may play a significant 
role in the industrialization of this technology. 

4. Conclusions 

In summary, we synthesized perovskite LaFeO3 and transition metal 

(Mn, Co, Cu) doped LaFeO3 by a sol-gel method. All the samples were 
subjected to various characterization tests and employed for electro
chemical nitrate reduction to synthesize the desired product, ammonia. 
LaFeO3 had a good electrocatalytic activity for the reduction of nitrate to 
ammonia. After doping with Co or Cu, oxygen vacancies were formed on 
the surface of the catalysts, which further enhanced the catalytic ac
tivity. The best catalyst among all the samples was Cu-doped LaFeO3, 
which achieved the maximum ammonia yield of 1005.0 μg h− 1cm− 2 at 
− 1.1 V (vs. RHE) and the maximum Faradaic efficiency of 71.9% at 
− 1.0 V (vs. RHE). Moreover, the catalyst exhibited excellent stability in 
consecutive recycling experiments. The ammonia yield and the Faradaic 
efficiency increased rather than decreased during recycling. The 
ammonia yield was as high as 1250.5 μg h− 1cm− 2 in the third cycle, and 
the Faradaic efficiency was 74.5% in the fifth cycle at − 1.0 V (vs. RHE). 
This phenomenon could be attributed to the ferroelectricity of 

Fig. 5. (a) LSV curves of LF and LFCu in electrolyte with or without NO3
- ; (b) NH3 yields and Faradaic efficiencies of LF, LFMn, LFCo, and LFCu at − 0.7 V (vs. RHE).  

Fig. 6. (a) NH3 yield and Faradaic efficiency of LFCu at different potentials; (b) NO2
- yield and [NO2

- ]/[NH3] of LFCu at different potentials; (c) consecutive recycling 
experiments; (d) control experiments. 
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lanthanum ferrite material. When the fresh catalyst underwent the first 
cycle, ferroelectric polarization occurred under the influence of the 
applied electric field. And then in the subsequent cycles, the residual 
polarization in the catalyst promoted the charge seperation and facili
tated the charge transfer between the catalyst and the electrolyte. Ac
cording to characterization tests and electrochemical experiments, we 
proposed the mechanism of the highly efficient electrochemical reduc
tion of nitrate to ammonia on Cu-doped LaFeO3. When a small amount of 
Fe3+ in the lattice of the catalyst was replaced by Cu+/Cu2+, oxygen 
vacancies were generated on the surface of the catalyst in order to 
achieve charge balance. The oxygen atoms in the nitrate would fill in the 
oxygen vacancies, which enhanced the adsorption of nitrate and 
weakened the N-O bond, thus promoting the conversion of nitrate to 
*NO2. And the intermediate, *NO2, tended to bind to oxygen vacancies 
and Cu rather than desorb to form nitrite, which improved the selectivity 
of ammonia in the products. Besides, both oxygen vacancies and Cu+/ 
Cu2+ in the catalyst could improve the conductivity of the catalyst. This 
work may broaden the avenue for the selection and modification of the 
catalysts for electrochemical ammonia synthesis in the future. 
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