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Abstract 18 

Electrochemical nitrogen reduction reaction has recently received increasing attention due to its 19 

ability to synthesize ammonia under ambient conditions. However, the low ammonia yields and 20 

Faradaic efficiency hinder its further development, which necessitates the use of high-performance 21 

catalysts. Hence, in this study, a self-supporting carbon mat with FeNi-doped Co catalysts 22 

(Co145Fe1Ni0.2) fabricated by electrospinning was used as an electrode (FeNi-Co@CM) for 23 
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electrochemical ammonia synthesis. The electrochemical performance of the FeNi-Co@CM 1 

electrode is evaluated in a three-electrode setup with FeNi-Co@CM as working electrode, a 2 

platinum mesh as counter electrode, and a Ag/AgCl electrode as reference electrode. The 3 

experimental investigations produce an ammonia yield rate of 27.9 μg h-1 mg-1 and a Faradaic 4 

efficiency of 1.52 % in 1.0 M KOH, which is higher than most of the reported data where iron-5 

group-based electrocatalysts were employed. The verification results from multiple sets of control 6 

experiments indicated that the ammonia detected is generated by the nitrogen reduction reaction 7 

rather than the contaminants in the surrounding environment. In addition, the results of the stability 8 

test show that the FeNi-Co@CM electrode can maintain a high level of ammonia production for 9 

more than ten cycles. The working mechanism of nitrogen reduction reaction based on FeNi-10 

Co@CM electrode is also discussed at various scales, including the electrode scale, the catalyst 11 

scale, and the atomic scale. This study therefore provides an in-depth understanding of the nitrogen 12 

reduction reaction from various perspectives, such as mass transport, reaction interfaces, and 13 

reaction intermediates. 14 

 15 
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1. Introduction 1 

Ammonia (NH3), as one of the most important industrial chemicals in the world, can be used as 2 

fertilizer as well as  fuel [1–3]. In recent years, ammonia has also been considered as a promising 3 

carrier of hydrogen (17.6 wt.%) with remarkable characteristics, such as high volumetric energy 4 

density (12.7 MJ/L), easy storage and transport (liquefaction temperature of -33 ºC at atmospheric 5 

pressure), and inherently carbon-free. Ammonia production currently relies on the Haber-Bosch 6 

method, which is an energy-intensive process involving high temperatures (300-500 ºC) and high 7 

pressures (150-300 atm), taking up 1-2% of the world's energy consumption and resulting in about 8 

1% of the global CO2 emissions [4]. These downsides of the conventional ammonia production 9 

technologies therefore necessitate the development of new ammonia production technologies. 10 

Recently, a promising strategy for the synthesis of ammonia via electrochemical nitrogen reduction 11 

reaction (NRR) has received much attention due to its capability to operate under ambient 12 

conditions [5]. However, electrochemical ammonia synthesis technology is currently limited by 13 

its inherently sluggish reaction kinetics and competing reactions (HER) [6]. As a result, the 14 

ammonia yield (~10-10 to 10-11 mol s-1 cm-2) and Faraday efficiencies (~10%) currently achieved 15 

are well below the 10-6 mol s-1 cm-2 NH3 yield and 90% FE targets set by the US Department of 16 

Energy (DOE) [7–9]. In order to achieve higher yield and Faradaic efficiency for electrochemical 17 

ammonia synthesis, researchers have been devoted to exploring and developing novel 18 

electrocatalytic materials with high selectivity and high activity for NRR in the past few decades 19 

[10–12]. Recently, noble metal materials and their related compounds have received continuous 20 

attention from materials scientists due to their excellent catalytic properties in various 21 

electrochemical reactions [13]. For example, Nazemi et al. [14] developed hollow gold nanocages 22 

as electrocatalysts and tested their NRR performance in H-cells with 0.5 M LiClO4 aqueous 23 
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solution as the electrolyte. The experimental results showed that high ammonia yield (3.9 mg h-1 1 

cm-2) and high Faraday efficiencies (30.2%) were obtained due to the increased surface area and 2 

the confinement of the reactants within their cavities (cage effect). In another study, Chung et al. 3 

[15] developed a Rh-based catalyst for the electrochemical synthesis of ammonia which exhibited 4 

an excellent NH3 yield of 57.2 μg h-1 mgcat-1 at -0.6 V vs. RHE and a high Faraday efficiency of 5 

22% at -0.2 V vs. RHE in a 0.1 M Na2SO4 electrolyte. However, precious metals are expensive 6 

and limited reserves prevent them from being widely deployed and commercialized [16]. 7 

Therefore, it is imperative to develop catalyst materials with low costs and abundant reserves. 8 

Transition metal elements, such as iron, cobalt and nickel, which are characterized by their large 9 

reserves and low cost, have gained the attention of researchers and previous studies have shown 10 

that these transition metal materials are very promising electrocatalytic materials for NRR [17–11 

19]. Among the different types of transition metal elements, cobalt is considered as a promising 12 

catalyst candidate for the electrochemical synthesis of ammonia because of its special electronic 13 

configuration (3d74s2) [20,21]. Chu et al. [22] developed a cobalt-based catalyst supported by 14 

reduced graphene oxide (RGO), demonstrating high ammonia yields of 21.5 μg h-1 mg-1 and a FE 15 

of 8.3%. Similarly, Wei et al. [23] designed CoS2 nanoparticles as the NRR catalyst, exhibiting 16 

ammonia yields of 17.45 μg h-1 mg-1 and a FE of 4.6%. In recent years, scientists are increasingly 17 

interested in element-doped electrocatalysts for improving electrochemical performance by 18 

altering the morphology or conductivity of the catalyst through the inclusion of small amounts of 19 

additional elements [24,25]. It was demonstrated by Zhang et al. that FeNi bimetallic catalysts can 20 

greatly reduce the overpotential of electrochemical reactions, assisting in the improvement of 21 

electrochemical efficiency [26]. More importantly, previous studies have shown that the 22 

combination of different types of transition metals can synergistically enrich the local active 23 
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catalytic site and change its electronic structure, thus contributing to the performance of 1 

electrochemical reactions [27]. 2 

Following these developments, a FeNi-Co@CM electrode fabricated by electrospinning is used 3 

for electrochemical ammonia synthesis under ambient conditions in this study. A detailed 4 

characterization of FeNi-Co@CM electrode material is first performed. Subsequently, 5 

electrochemical characterization is applied to test the ammonia production performance of the 6 

FeNi-Co@CM electrode. Following this, stability tests are conducted on the FeNi-Co@CM 7 

electrode to examine its durability. Various control experiments, including a potentiostatic test 8 

under argon bubbling, an open circuit voltage test etc., are also conducted to ensure that the 9 

ammonia detected in the experiment originated from the NRR . Finally, the mechanism of NRR is 10 

discussed at three different scales: the electrode scale, the catalyst scale, and the atomic scale, to 11 

provide a comprehensive understanding of the NRR  from various perspectives, such as mass 12 

transport (transport of species, ions, and electrons),  reaction interface, and reaction intermediates.  13 

  14 
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2. Experiment section 1 

2.1 Material preparation and characterization 2 

The synthesis process of the FeCo-Ni@CM electrode is briefly described as follows: three metal 3 

salts - Fe(acac)3, Ni(acac)2, and Co(acac)2 powders are first mixed with polyacrylonitrile (PAN) 4 

such that the total mass in fraction of Fe and Ni metal salts is less than 1% to obtain the precursor 5 

solution. The precursor solution is then spun into a carbon fiber interwoven non-woven fabric, i.e., 6 

the electrode, by applying electrostatic spinning technology. To stabilize the structure, the 7 

electrode is first heated in air at 290 ℃ for two hours. The pre-treated electrode is then placed in 8 

a nitrogen atmosphere and heated at 850 ℃ for another two hours. In this way, the FeNi-Co@CM 9 

electrode can be synthesized. A detailed similar material preparation process has been 10 

demonstrated in our previous work [28].  11 

The surface morphology of FeNi-Co@CM was observed using scanning electron microscopy 12 

(SEM) (Zeiss Sigma 300, Germany). The high-resolution transmission electron microscopy 13 

(HRTEM) images and high-angle annular dark-field-scanning transmission electron microscopic 14 

(HAADF-STEM) images were obtained using a JEM-2100F (JEOL, Ltd., Japan). The phase 15 

analysis of FeNi-Co@CM was conducted by X-ray diffraction (XRD) (D/max 2500PC) while the 16 

element analysis was conducted by energy-dispersive X-ray (EDX). The valence states of elements 17 

were analyzed by X-ray photoelectron spectroscopy (XPS), recorded by a spectrometer with 18 

Mg/Al Kα radiation (Thermo VG Scientific, USA). As for the detection of ammonia concentration 19 

in the test solution, the absorbance peak was measured using a UV-Vis double beam 20 

spectrophotometer (DB-20, Australia). The catalyst loading of the electrode was measured by 21 

inductively coupled plasma mass spectrometry (ICP-MS) (Agilent 7700x, USA). 22 
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2.2 Electrochemical measurements 1 

A three-electrode electrochemical cell was used to evaluate the NRR performance of the FeNi-2 

Co@CM electrode under ambient conditions, using FeNi-Co@CM (1.0 x 1.0 cm2) as the working 3 

electrode with a catalyst loading of 0.146 mg cm-2. A platinum mesh with a geometric surface area 4 

of 1.0 cm2 was used as the counter electrode, and a Ag/AgCl electrode was used as the reference 5 

electrode. All the potentials were converted to a reversible hydrogen electrode (RHE) scale via 6 

calibration with the following equation [29]: 7 

E(RHE) = EAg/AgCl + 0.059 pH + 0.1976                                                                                                     (1) 8 

0.059 was calculated from the Nernst equation while 0.1976 V was the value of Eo Ag/AgCl at 25 ℃. 9 

1.0 M KOH (115.0 mL) solution was used as the electrolyte as the K+ has been proven to promote 10 

electrochemical NRR [30]. A Fumasep FAS-30 anion exchange membrane (Fuel Cell Store, USA) 11 

was employed to separate the anode and cathode compartments as well as to provide an anion 12 

transport path during the cell operation.  13 

The experimental setup is shown in Fig. 1, including a nitrogen cylinder employed to provide the 14 

pure nitrogen (99.995%, 1.0 atm), an acid trap containing 0.05 M H2SO4(aq.) and an alkaline trap 15 

containing 1.0 M KOH(aq.)  to remove any possible ammonia and nitrogen oxides contaminants, a 16 

gas flowmeter to control the flow rate of nitrogen supply, a three-electrode electrochemical cell 17 

and an electrochemical workstation (M204, Switzerland) to conduct the electrochemical 18 

measurements, and another saturator filled with 0.05 M H2SO4(aq.) to serve as an acid trap to capture 19 

any generated ammonia. A pictorial diagram of the electrochemical cell (H-cell) used for the 20 

experiments is presented in Fig. S1.  21 



8 
 

 1 

Fig. 1. Experimental setup for the electrochemical ammonia synthesis. 2 

Before the electrochemical measurements, pretreatments were conducted on all the experimental 3 

setups and materials to avoid any contaminants that could affect the experimental results. The 4 

Fumasep FAS-30 anion exchange membrane was converted into OH- form by soaking it in 1.0 M 5 

KOH solution for 24.0 h under ambient conditions, and then soaked in deionized water. All the 6 

components used in the experiment were thoroughly washed with deionized water to eliminate 7 

contaminants. Afterwards, 60 min of pure N2 bubbling at a flow rate of 20 mL/min was first 8 

conducted to saturate the electrolyte and the cathode compartment. Furthermore, the electrolyte 9 

was constantly stirred at 200 rev/s during the cell operation to enable the dissolved nitrogen to be 10 

well dispersed in the electrolyte. 11 

The linear sweep voltammetry (LSV) test was applied to determine whether the synthesized 12 

electrode has the function of synthesizing ammonia. The NRR and HER are the main 13 
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electrochemical reactions that occur under N2 bubbling conditions while HER is the main 1 

electrochemical reaction that occurs under Ar bubbling conditions. Following this consideration, 2 

a short-term chronoamperometry test was first applied in this work to measure the polarization 3 

curves under N2 and Ar bubbling conditions [31]. After the potential window for effective 4 

electrochemical synthesis of ammonia was confirmed, the potentiostatic tests were conducted for 5 

2.0 h in the N2-saturated 1.0 M KOH solution with the continuous flowing of pure N2 (99.99%). 6 

Besides, to verify the durability of the FeNi-Co@CM electrode, a stability test in terms of 7 

ammonia yield rates and FE was conducted. To further confirm that the detected ammonia 8 

originates from the electrochemical NRR on the FeNi-Co@CM electrode, two comparative 9 

experiments were conducted in which the electrochemical NRR was carried out in an Ar saturated 10 

solution and an N2 saturated solution at an open-circuit potential. 11 

2.3 Determination of ammonia and hydrazine 12 

The ammonia concentration was measured by the indophenol blue method. For the preparation of 13 

the chromogenic solution, 1.0 mL electrolyte was taken from the cathodic chamber, and 1.0 mL 14 

of 1.0 M NaOH solution containing 5% salicylic acid and 5% sodium citrate was added to the 15 

solution. Subsequently, 0.5 mL of 0.05 M NaClO and 0.1 mL of 1% C5FeN6Na2O·2H2O were 16 

added into the solution. After 2.0 h, the absorption spectrum of the mixed solution was measured 17 

by using a UV-visible spectrophotometer at a wavelength of 650 nm. The corresponding absolute 18 

calibration curve of standard NH4Cl solution can be obtained by measuring the standard NH4Cl 19 

solution with a series of known concentrations (0.25, 0.5, 1.0, 2.0, and 4.0 µg/mL). Therefore, a 20 

fitted curve (y = 0.12837x + 0.00438, R2 = 0.999) between the absorbance and the ammonia 21 

concentration was developed (See Fig. S2).  22 
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The production of N2H4 in the electrolyte was evaluated by the Watt and Chrisp method. The color 1 

reagent for this method consists of 0.599 g of C9H11NO, 3.0 mL of calibration HCl (37 wt. %), and 2 

30.0 mL of C2H5OH. During the process of detection, 1.0 mL electrolyte was taken from the 3 

cathodic chamber, adding 1.0 mL of the prepared color reagent and thereafter leave the solution 4 

for 20 min at room temperature. The absorbance at a wavelength of 457 nm was used to calculate 5 

the hydrazine concentration. The corresponding absolute calibration curve of standard N2H4·H2O 6 

solution was obtained using the standard N2H4·H2O solution with a series of known concentrations 7 

(0.125, 0.25, 0.5, 1.0, and 2.0 µg/mL). As a result, a fitted curve (y = 0.94724x + 0.00467) between 8 

the absorbance and the hydrazine concentration was established (see Fig. S2). 9 

3. Results and discussion 10 

3.1 Material characterization results 11 

The surface morphologies of FeNi-Co@CM electrode are presented in Fig. 2, indicating that a 12 

unique electrode structure is obtained, in which the secondary carbon hairs are in situ grown on 13 

non-woven electrospun fibers. These fibers, with a diameter of about few hundred nanometers, are 14 

manufactured directly by electrospinning. In the case of secondary carbon hairs, the growth 15 

mechanism is demonstrated as follows: firstly, metal oxide nanoparticles are formed in the carbon 16 

fibers by metal salt additives during pre-carbonisation and then reduced to form metal domains 17 

after further heat treatment. Secondly, these metal nanoparticles diffuse onto the surface of the 18 

carbon fibers through an exsolution mechanism, resulting in nanoparticle-modified carbon fibers. 19 

Then, during the second carbonisation process, the PAN thermally decomposes to produce CH4 20 

and CO. These carbon-containing materials further decompose in situ to produce a new source of 21 

carbon [32], which is deposited on the surface of the nanoparticles and gradually forms the carbon 22 

hairs on the surface of the carbon fibers as shown in Fig. 2. 23 
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 1 

Fig. 2. Surface morphology of the FeNi-Co@CM electrode observed by SEM. 2 

 3 

 4 

 5 

 6 
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 1 

Fig. 3. (a-f) High-resolution TEM images of FeNi-Co@CM electrode. (g-i) High-angle annular 2 

dark-field (HAADF-STEM) images of FeNi-Co@CM electrode.  3 

To further investigate the fine structure of the catalyst, TEM was applied to characterize the FeNi-4 

Co@CM electrode (Fig. 3). Firstly, it can be seen that there are metal nanoparticles distributed on 5 

the surface of the carbon fibers. However, the number of carbon hairs grown on the surface of 6 

carbon fibers characterized by TEM is small and differs from the SEM characterization results. 7 

The main reason is that during the TEM characterization process, the electrodes are ground to 8 

obtain the catalyst powder and the dispersant alcohol is added for sonication. This process resulted 9 

in a large number of in situ self-grown carbon hairs coming off the surface of the carbon fiber. By 10 
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finely characterizing the carbon hairs remaining on the surface of the carbon fibers, the presence 1 

of fine rod-shaped (Fig. 3b-c) or elliptical (Fig. 3e-f) metal nanoparticles with a diameter of 2 

approximately 10 to 20 nm can be observed in the carbon hairs. These properties of FeNi-Co@CM 3 

electrodes can be further verified by HAADF-STEM images (Fig. 3g-i), where metal nanoparticles 4 

can be found in carbon fibers and carbon hairs. 5 

 6 

Fig. 4. STEM images for elemental mapping by energy-dispersive spectroscopy of FeNi-Co@CM 7 

electrode. 8 
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In addition, energy dispersive X-ray spectroscopy (EDS) analysis was performed to reveal the 1 

distribution of elements on the surface of the carbon fibers and carbon hairs. The STEM image in 2 

Fig. 4a demonstrates the distribution of elements on the carbon fibers inside the electrode. It can 3 

be seen that the main non-metallic elements on the carbon fiber include carbon, nitrogen and 4 

oxygen, all of which are uniformly present on the carbon fiber, while the portion with the highest 5 

content of carbon is highlighted in red in Fig. 4. Furthermore, according to STEM images for metal 6 

element mapping, the white spots on the carbon fibers in the HAADF-STEM images are mainly 7 

cobalt-associated nanoparticles. The elemental STEM images of Fe and Ni are almost absent, 8 

which can be attributed to the low content of Fe and Ni in the whole electrode (<0.1%, Fig. S3 and 9 

Table S1). According to the result determined by an inductively coupled plasma mass spectrometry 10 

(ICP-MS), the atomic ratio of the three transition metal elements Co, Fe, and Ni of the FeNi-11 

Co@CM electrode is 145:1:0.2 (Table S2). Fig. 4b shows the distribution of elements on carbon 12 

hairs attached to the surface of carbon fibers, and it can be seen that the distribution of elements 13 

on carbon hairs is similar to that of carbon fibers. This can confirm that the fine particles 14 

comprising the carbon hairs characterized by HRTEM are composed of cobalt-associated 15 

nanoparticles and their amorphous carbon encapsulating these particles. 16 

 17 

 18 

 19 

 20 

 21 
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 1 

 2 

Fig. 5. XRD patterns of FeNi-Co@CM electrode. 3 

To investigate the physical phase of the FeNi-Co@CM electrode material, XRD tests were carried 4 

out. The XRD diffraction pattern of the FeNi-Co@CM electrode is shown in Fig. 5. By comparing 5 

with the standard PDF card, it can be confirmed that the main phases of the FeNi-Co@CM 6 

electrode material is Co (PDF#15-0806) [33]. The diffraction peaks Co is assigned to the (111), 7 

(200) and (220) planes at 44.2°, 51.5°, and 75.8° respectively. A noteworthy point is that no peaks 8 
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of Fe and Ni and their associated compounds were found on the XRD diffraction pattern, which 1 

can be attributed to the ultra-low content (less than 0.1%) of Fe and Ni. 2 

 3 

Fig. 6. XPS spectra of the Co 2p of the FeNi-Co@CM electrode. 4 

To further explore the chemical and electronic state of the atoms within the FeNi-Co@CM 5 

electrode, the XPS test was carried out. The full-scan XPS spectra of FeNi-Co@CM electrode is 6 

shown in Fig. S4. Because the main component of the metal nanoparticles in the FeNi-Co@CM 7 

electrode is Co, while Fe and Ni are presented in the electrode as elemental dopants, therefore, the 8 

XPS spectra of Co, Fe and Ni are different. The XPS spectrum of Co 2p is shown in Fig. 6, where 9 
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it is deconvoluted into two spin-orbiting double peaks for Co2+ and Co3+ and two satellite peaks. 1 

The two main peaks are located at 779.68 and 795.18 eV, corresponding to Co 2p3/2 and Co 2p1/2, 2 

where the spin-orbit splitting of the two peaks is about 15 eV [34]. Detailed deconvolution results 3 

show that FeNi-Co@CM electrode contains two Co species, identifiable as Co2+ (corresponding 4 

to the 780.45 eV peak in Co 2p3/2 and the 795.0 eV peak in Co 2p1/2) and Co3+ (corresponding to 5 

the 779.6 eV peak in Co 2p3/2 and the 796.5 eV peak in Co 2p1/2). The presence of Co2+ and Co3+ 6 

on the surface of the electrode can be attributed to the following two reasons: (1) During the 7 

preparation of the material, the metal oxide will not be completely reduced. (2) The oxidation of 8 

Co on the electrode surface in air, forming cobalt oxides such as CoO and Co3O4. In additional, it 9 

is worth noting that although Fe and Ni species are detected in the XPS full spectrum (Fig. S4), 10 

their low content results in low intensities in the XPS spectra and thus does not provide reliable 11 

information on the valence of the elements and is therefore omitted. 12 

 13 

 14 

 15 

 16 

 17 

 18 

 19 
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3.2 Electrochemical measurement results 1 

For the purpose of providing a more informed interpretation of the experimental results, the 2 

reaction mechanism for the electrochemical synthesis of ammonia and the corresponding reaction 3 

equations are first presented here. The three-electrode electrochemical cell applied in this study is 4 

H-type cell, which consists of two important circuits. The first circuit, consists of a reference 5 

electrode and a working electrode, is  primarily used for measuring the potential of the 6 

electrochemical reaction on the working electrode. The second or  alternative circuit, made up of 7 

a working electrode and a counter electrode, transmits electrons to form a current flow to drive 8 

electrochemical reactions. In the electrochemical synthesis of ammonia, N2(g) enters the cathode 9 

chamber through a gas pipeline and dissolves in the electrolyte as N2(d) in the solution, and then 10 

migrates to the working electrode. On the working electrode, N2(d) electrochemically reacts with 11 

electrons and water molecules under the promotion of catalysts to generate ammonia and 12 

hydroxide ions, which can be described by the following reaction [35]:  13 

N2 + 8H2O + 6e- →2NH3·H2O + 6OH-     Ec0 = -0.77 V vs. SHE                                                  (2) 14 

Meanwhile, the hydroxide ions are driven by the electric field through the anion exchange 15 

membrane from the cathode compartment to the anode compartment. On the counter electrode, the 16 

hydroxide ions are oxidized, releasing electrons, and generating oxygen and water, expressed as 17 

follows [36]:  18 

6OH- →3H2O + 6e- + 3/2O2     Ea0 = +0.4 V vs. SHE                                                                   (3) 19 

In the above-mentioned electrochemical ammonia synthesis process based on a three-electrode 20 

system, there are two important mass/charge transfer processes that need to be highlighted. The 21 

first is that electrons move from the anode to the cathode through an external circuit to form an 22 
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electronic flow, and the second is that the hydroxide ions pass through the anion exchange 1 

membrane from the cathode to the anode to form an ionic flow. Macroscopically, a circuit is 2 

formed by the electronic flow and ionic flow. In summary, the overall reaction in alkaline aqueous 3 

media can be expressed as follows: 4 

N2 + 5H2O →2NH3·H2O + 3/2O2     E0 = 1.17 V                                                                         (4) 5 

To determine the potential window of electrochemical synthesis of ammonia for the FeNi-6 

Co@CM electrode, potentials ranging from 0 to -0.35 V vs. RHE were tested for 600 s to ascertain 7 

that the electrode has reached an activated state [31]. The polarization curves were thereafter 8 

obtained by using the data collected from the final 100 s. The results of the LSV test are shown in 9 

Fig. 7.  10 

 11 
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 1 

Fig. 7. The current density gap between N2 and Ar bubbling NRR at various potentials (-0.05 V to 2 

-0.35 V vs. RHE). 3 

It can be seen that the current density gap between Ar bubbling and N2 bubbling increases first and 4 

then decreases with an applied potential ranging from -0.05 to -0.35 V vs. RHE, which reached 5 

the peak value at -0.20 V vs. RHE. Therefore, the obtained results suggest that the potential 6 

windows around -0.15 to -0.25 V vs. RHE has a higher possibility in which NRR can occur with 7 

the use of the FeNi-Co@CM electrode. After obtaining the optimal potential window for NRR, 8 

the chronoamperometry was conducted at different potentials (-0.05 to -0.35 V vs. RHE) for 2.0 9 

h. The I-t curves at various potentials are presented in Fig. S5. To measure the yield of ammonia, 10 
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the electrolyte in the cathode chamber is collected after the electrochemical reaction. The collected 1 

solutions are then mixed with a color reagent for UV-Vis absorption at a wavelength of 650 nm. 2 

The ammonia concentration can be calculated based on the absolute calibration curve for standard 3 

NH4Cl solutions. Once the concentration of the produced ammonia is determined, the ammonia 4 

yield rate, r [NH3], can be obtained by the following equation [28]:  5 

r [NH3] = (CNH3 x V)/(t x mcat)                                                                                                            (5) 6 

Here, CNH3 (µg/mL) is the NH3 concentration after electrolysis, V (mL) is the volume of the 7 

electrolyte in the cathode chamber, t (h) is the reaction time for electrochemical synthesis of 8 

ammonia, and m (mg) is the mass loading of the catalysts. Therefore, the unit of r[NH3] in this 9 

study is µg h-1 mg-1. Furthermore, the FE for ammonia production can be calculated by the 10 

following equation: 11 

FE = (3F x CNH3 x V) x100%/Q                                                                                                                   (6) 12 

Here, F is the Faraday constant and Q is the quantity of the applied electricity. The ammonia yield 13 

rates and FE at various potentials are shown in Fig. 8.  14 
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 1 

Fig. 8. The ammonia yields and Faradaic efficiency at various potentials. 2 

It can be seen that ammonia yields increase as the applied potential increases from -0.1 to -0.2 V 3 

vs. RHE. The highest ammonia yields of 27.9 μg h-1 mg-1 is achieved at the potential of -0.2 V vs. 4 

RHE, which is higher than most of the recently reported works where iron-group-based 5 

electrocatalysts were employed (refer to Fig. 9 and Table 1). However, when the applied potential 6 

exceeds -0.25 V vs. RHE, the NRR performance of the FeNi-Co@CM electrode is dramatically 7 

reduced, which is attributed to the more active HER process at high potential, producing more 8 

hydrogen on the surface of the catalyst and thus hindering the effective adsorption of N2 on the 9 

catalyst surface. Fig. 8 further reveals that the FE decreases with higher applied potentials. The 10 
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possible reason for this phenomenon is that the current density corresponding to the lower potential 1 

was relatively small (See Fig. S5), therefore the FE calculated according to Eq. 6 is higher.  2 

 3 

Fig. 9. The comparable results of our work and other recently reported iron-group electrocatalysts 4 

for ambient ammonia synthesis. 5 

 6 

 7 

 8 
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Table 1  Comparison of our results with other recently reported studies that used iron-group 1 

electrocatalysts for ambient ammonia synthesis. 2 

Catalytic 
materials 

Ammonia yields 
(μg·h−1 ·mg−1cat) 

Faradaic 
efficiency 
(%) 

Applied 
potential 
(VS. RHE) 

Electrolyte References 

CoO QD/rGO 21.5 8.3 −0.6 V 0.1 M Na2SO4 [22] 
CoS2-N/S-C 25 25.9 −0.05 V 0.05 M H2SO4 [37] 
CoS2@NC 17.45 4.6 −0.15 V 0.1 M HCl [23] 
CoP HNC 10.78 7.36 −0.4 V 1.0 M KOH [38] 
NiCo2O4@HNC
P 17.8 5.3 −0.25 V 0.1 M Na2SO4 [39] 

Pd-Co/CuO 10.04 2.16 −0.2 V 0.1 M KOH [40] 
Cs/Ni-doped 
LaFeO3 13.46 1.99 2 V 2.0 M KOH [41] 

Fe-N/C-CNTs 34.83 9.28 −0.2 V 0.1 M KOH [42] 
NiO/G 18.6 7.8 −0.7 V 0.1 M Na2SO4 [43] 
N-NiO/CC 22.7 7.3 −0.5 V 0.1 M LiClO4 [44] 
N-C@NiO/GP 14.022 30.43 −0.2 V 0.1 M HCl [45] 
FeOOH QDs-GS 27.3 14.6 −0.4 0.1 M LiClO4 [46] 
FeNi-Co@CM 27.9 1.52 −0.2 V 1.0 M KOH This work 

 3 

The FeNi-Co@CM stability test result is shown in Fig. 10. It can be seen that the ammonia yield 4 

rate and the FE of the developed electrode can be maintained at a high level for ten cycles. These 5 

properties indicate that the FeNi-Co@CM electrode exhibits good stability for electrocatalytic 6 

nitrogen reduction to ammonia under ambient conditions. The SEM results of the FeNi-Co@CM 7 

electrode before and after the stability test reveal the reason for the decrease in electrocatalytic 8 

nitrogen reduction performance of the electrode, as shown in Fig. S6. It can be seen that the number 9 

of carbon hairs on the surface of carbon fiber has been reduced, thereby reducing the number of 10 

metal nanoparticles (mainly Co) on the electrode. This change in microstructure reduces the 11 

number of catalysts on the electrode surface, resulting in fewer active sites for electrochemical 12 

reactions and thus a reduction in NRR performance. The carbon hairs coming off the surface of 13 
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the carbon fiber can be attributed to the following reasons: (1) During the experiment, the 1 

electrolyte on the cathode side was constantly stirred with a magnetic stirrer, which may have 2 

accelerated the shedding of carbon hairs from the surface of the carbon fiber. (2) The low solubility 3 

of nitrogen gas during the experiments means that the bubbles, which are poured into the cathode 4 

chamber, are constantly hitting the electrode which may also accelerate the removal of carbon 5 

hairs over time. 6 

 7 

Fig. 10. FeNi-Co@CM electrode stability test results. 8 

To confirm that the detected ammonia is a product of electrochemical ammonia synthesis rather 9 

than contaminants, two comparative experiments were conducted. As shown in Fig. S7, the results 10 
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reveal that there is no absorption peak under Ar bubbling conditions with the same applied 1 

potential, indicating that the detected ammonia is produced by the electrochemical NRR rather 2 

than any other ammonia contaminations during the cell operations as well as the N-precursor 3 

introduced during the material preparation. This can be further explained by the detection results 4 

of open-circuit conditions (Fig. S8) in which no absorption peak of ammonia was observed. In 5 

addition, hydrazine is also considered as a possible product. However, in this study, hydrazine will 6 

not be produced under the applied potentials in terms of the thermodynamics perspective. 7 

Experimental results also confirm that there is no hydrazine production during the electrochemical 8 

NRR process (Fig. S9).  9 

3.3 Discussion 10 

In this section, the working mechanism of the electrocatalytic NRR based on FeNi-Co@CM will 11 

be first discussed from different scale, including the electrode scale, the catalyst scale, and the 12 

atomic scale, as shown in Fig. 11. 13 

Firstly, at the electrode scale (Fig. 11-a), gaseous nitrogen N2(g) is passed through the gas-liquid 14 

interface (g/l interface) into the electrolyte, after which a small amount of nitrogen is dissolved in 15 

the electrolyte, named N2(d). The N2(d) then migrates from the electrolyte to the surface of the 16 

electrode, where it undergoes an NRR to produce ammonia, driven by the potential applied by the 17 

external circuit. The unreacted nitrogen gas, on the other hand, escapes from the electrolyte side 18 

across the gas-liquid interface. 19 

Secondly, at the catalyst scale, two main interfaces are included, the first being the g/l interface 20 

and the second being the liquid/solid interface (l/s interface-red dashed line in Fig. 11-b). The 21 

detailed reaction process is described as follows: the N2(d) adsorbs on the surface of the cobalt-22 
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based catalyst nanoparticles and combines with electrons and water molecules at the l/s interface 1 

to produce NH3·H2O (the form of ammonia produced exists in the alkaline electrolyte) and OH-. 2 

In this case, the electrons come from an external circuit and are conducted through the carbon 3 

support to the catalyst nanoparticles and then from the catalyst nanoparticles to the l/s interface. 4 

The water molecules in the electrolyte here take on the role of providing the proton, as the 5 

electrolyte is alkaline and cannot provide a direct source of protons. In addition, the competing  6 

HER of NRR can be seen in Fig. 11-b, which also occurs at the solid/liquid interface and competes 7 

for electrons with the NRR. 8 

Thirdly, the atomic scale focuses on describing how nitrogen molecules are transformed step by 9 

step into ammonia. In general, the mechanism of NRR at the atomic scale is divided into two 10 

pathways, namely the associative and dissociative pathways [47,48]. For the dissociative pathway, 11 

the nitrogen-nitrogen triple bond in the nitrogen molecule is first completely broken and the 12 

nitrogen molecule is divided into two nitrogen atoms (N), which then adsorb to the catalyst surface 13 

and are gradually protonated to produce ammonia molecules, which are then desorbed from the 14 

catalyst surface. For the associative pathway, on the other hand, the nitrogen-nitrogen triple bond 15 

in the nitrogen molecule is incompletely broken. The nitrogen molecule first adsorbs to the surface 16 

of the catalyst, after which the nitrogen-nitrogen triple bond breaks to become a nitrogen-nitrogen 17 

double bond, which is then progressively protonated. In accordance with the previously published 18 

works on electrochemical ammonia synthesis using similar materials and electrolytes [49–51], we 19 

believe that the reaction mechanism of electrochemical ammonia synthesis in this work follows an 20 

associative pathway, as shown in Fig. 11-c.  21 



28 
 

 1 

Fig. 11. Proposed working mechanism of electrocatalytic NRR based on FeNi-Co@CM electrode. 2 

(a) Electrode-scale view. (b) Catalyst-scale view. (c) Atomic-scale view. 3 

The nitrogen molecule is first adsorbed on the surface of the cobalt-based catalyst nanoparticles 4 

(*N2), followed by incomplete breaking of N≡N into a N=N. Meanwhile, a proton (H+) from the 5 



29 
 

water molecule combines with a nitrogen atom away from the Co atom to form a N=N-H. After 1 

adding three protons, the nitrogen-nitrogen triple bond is completely broken, forming the first NH3 2 

which then desorbs from the catalyst surface. Similar to the first nitrogen atom, the second nitrogen 3 

atom is then progressively protonated, and finally, the ammonia molecule is formed and then 4 

desorbed. Thus, the NRR process is completed, and one nitrogen molecule produces two ammonia 5 

molecules. Previous studies have shown that for the transition metals Ru, Co, Ni, and Rh, the first 6 

charge and proton transfer process (N2 + H+ + e− = *N2H) is the rate-determining step for the 7 

associative mechanism while the N2 cleavage determines the activity of the metal surface [52,53]. 8 

In summary, the synthesized FeNi-Co@CM electrode in this study demonstrates a good 9 

electrochemical NRR performance, achieving an ammonia yield rate of 27.9 μg h-1 mg-1 and a FE 10 

of 1.52 %. The high ammonia yields exhibited by the FeNi-Co@CM electrode can be ascribed to 11 

the following reasons: (1) The major catalyst material used in this study is Co, which possesses an 12 

electronic configuration of 3d74s2, and therefore easier to accept the electron density from N2. In 13 

addition, cobalt-based catalysts can donate electrons to the π* orbital of N≡N, thereby enhancing 14 

N2 adsorption and weakening the N≡N bond [54]. (2) The unique structure of the electrode, with 15 

carbon hairs attached to the surface of the carbon fiber, can significantly increase the specific 16 

surface area of the electrode surface, as demonstrated in previous work [32]. The specific surface 17 

area of the electrode with carbon hairs on the carbon fiber (282.8 m2/g) is much higher than that 18 

of the electrode without carbon hairs on the carbon fiber (181.1 m2/g). (3) FeNi-doped cobalt 19 

electrodes have stronger electron conductivity than pure cobalt electrodes, as shown by the results 20 

in Fig. S10.   21 
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4. Concluding remarks 1 

In this study, a self-supporting carbon mat with FeNi-doped Co catalysts (Co145Fe1Ni0.2) fabricated 2 

by electrospinning was used as an electrode for electrochemical ammonia synthesis. To evaluate 3 

the electrochemical ammonia synthesis performance of FeNi-Co@CM electrode, a three-electrode 4 

electrochemical cell has been constructed using the FeNi-Co@CM as working electrode, a 5 

platinum mesh as counter electrode, and a Ag/AgCl electrode as reference electrode. An ammonia 6 

yield rate of 27.9 μg h-1 mg-1 and a Faradaic efficiency of 1.52 % in 1.0 M KOH are achieved from 7 

the experimental investigation. The control experiments indicated that the ammonia detected in 8 

the experiments originated from the nitrogen reduction reaction rather than contaminants in the 9 

reaction environment. In addition, the FeNi-Co@CM electrode can maintain a high level of 10 

ammonia production for more than ten cycles. The result analysis shows that the performance 11 

degradation of the electrode can be attributed to the microscopic change of the electrode structure, 12 

that is, the shedding of the carbon hairs on the surface of the carbon fibers. Based on the 13 

electrochemical ammonia synthesis performance demonstrated by the FeNi-Co@CM electrode, 14 

the working mechanism of the nitrogen reduction reaction is explored at three different scales: 15 

electrode scale, catalyst scale, and atomic scale. These analyses, including mass transport 16 

(transport of speciess, ions and electrons), reaction interfaces and reaction intermediates, provide 17 

a comprehensive understanding of nitrogen reduction reactions. Our study therefore provides 18 

insights and also paves the way for the application of FeNi-doped cobalt-based catalysts to 19 

promote the electrochemical conversion of nitrogen to ammonia under ambient conditions. 20 

 21 

 22 
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Figure captions: 1 

Fig. 1. Experimental setup for the electrochemical ammonia synthesis. 2 

Fig. 2. Surface morphology of the FeNi-Co@CM electrode observed by SEM. 3 

Fig. 3. (a-f) High-resolution TEM images of FeNi-Co@CM electrode. (g-i) High-angle annular 4 

dark-field (HAADF-STEM) images of FeNi-Co@CM electrode.  5 

Fig. 4. STEM images for elemental mapping by energy-dispersive spectroscopy of FeNi-Co@CM 6 

electrode. 7 

Fig. 5. XRD patterns of FeNi-Co@CM electrode. 8 

Fig. 6. XPS spectra of the Co 2p of the FeNi-Co@CM electrode. 9 

Fig. 7. The current density gap between N2 and Ar bubbling NRR at various potentials (-0.05 V to 10 

-0.35 V vs. RHE). 11 

Fig. 8. The ammonia yields and Faradaic efficiency at various potentials. 12 

Fig. 9. The comparable results of our work and other recently reported iron-group electrocatalysts 13 

for ambient ammonia synthesis. 14 

Fig. 10. FeNi-Co@CM electrode stability test results. 15 

Fig. 11. Proposed working mechanism of electrocatalytic NRR based on FeNi-Co@CM electrode. 16 

(a) Electrode-scale view. (b) Catalyst-scale view. (c) Atomic-scale view. 17 
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Table captions: 1 

Table 1 Comparison of our results with other recently reported studies that used iron-group 2 

electrocatalysts for ambient ammonia synthesis. 3 
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Highlights:  1 

 Achieving an ammonia yield rate of 27.9 μg h-1 mg-1 and a Faradaic efficiency of 1.52 % 2 

 Demonstrating good stability for 10 cycles by the FeNi-Co@CM electrode 3 

 Revealing the reaction mechanism of NRR from various scales 4 
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