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ABSTRACT 

The electrochemical reduction reaction of the nitrate ion (NO3

), a widespread water pollutant, to 

valuable ammonia (NH3) is a promising approach for environmental remediation and green energy 

conservation. The development of high-performance electrocatalysts to selectively reduce NO3

 

wastes into value-added NH3 will open up a different route of NO3

 treatment, and impose both 

environmental and economic impacts on sustainable NH3 synthesis. Transition metal phosphides 

represent one of the most promising earth-abundant catalysts with impressive electrocatalytic 

activities. Herein, we report for the first time the electrocatalytic reduction of NO3

 using different 

phases of iron phosphide. Particularly, FeP and Fe2P phases were successfully demonstrated as 

efficient catalysts for NH3 generation. Detection of the in-situ formed product was achieved using 

electrooxidation of NH3 to nitrogen (N2) on a Pt electrode. The Fe2P catalyst exhibits the highest 

Faradaic efficiency (96%) for NH3 generation with a yield (0.25 mmol h
−1

 cm
-−2

 or 2.10 mg h
−1

 

cm
−2

) at −0.55 V vs. reversible hydrogen electrode (RHE). The recycling tests confirmed that Fe2P 

and FeP catalysts exhibit excellent stability during the NO3

 reduction at −0.37 V vs. RHE. To get 

relevant information about the reaction mechanisms and the fundamental origins behind the better 
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performance of Fe2P, density functional theory (DFT) calculations were performed. These results 

indicate that the Fe2P phase exhibits excellent performance to be deployed as an efficient noble 

metal-free catalyst for NH3 generation. 

Graphical abstract 
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iron phosphide, electrocatalysts, nitrates reduction, ammonia, DFT calculations 

1. Introduction 

Ammonia (NH3) plays a crucial role in agriculture, pharmaceuticals, textile industry, and plastic 

production [1]. In addition, It is also considered an important energy storage medium and a 

promising carbon-free energy carrier because of its high content of hydrogen (17.6 wt %) [1]. The 

main industrial process for the synthesis of NH3 is carried out through the reaction of nitrogen (N2) 

and hydrogen (H2) at elevated temperatures (400–500 °C) and pressures (150–300 atm) using the 

so-called Haber-Bosch process [2]. The latter method relies on the H2 produced from fossil fuels 

and it requires intensive energy use leading to expensive operational costs [3]. In the past decade, 
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the electrochemical synthesis of NH3 with renewable energy (wind or solar) input has attracted 

enormous interest as an alternative route [4]. Especially, the use of N2 molecule in the 

electrochemical reduction process became a hot-topic [4]. While interesting progress in the 

development of N2 reduction catalyst has been made, the low reaction rate of NH3 evolution limits 

its widespread application [5,6]. The reduction of N2 to NH3 also suffers from low activity and 

selectivity due to the high stability of the triple non-polar bond (N≡N) [5]. Alternatively, the 

moderate dissociation energy of the N=O bond (204 kJmol
−1

) in nitrate ion (NO3
–
) makes it an 

attractive choice over N2 since it promises better kinetics for NH3 production [7,8]. Nitrates are 

common in nature in the form of metal nitrate deposits (e.g sodium nitrate (NaNO3)) and they are 

considered one of the major surface and groundwater pollutants that are strictly regulated by 

environmental agencies due to their harmful effects [9]. NO3
–
 source mainly comes from 

fertilizers, nuclear wastes, industrial wastewater, and livestock excrements with a wide range of 

concentrations up to ca. 2 M [4]. High levels of nitrate consumption may lead to serious immediate 

health problems (e.g. cancer) [10]. Because of this risk, the USEPA (U.S. Environmental 

Protection Agency) established that the maximum concentration of NO3
–
 in water should not 

exceed 10 mg N/L [11]. Many common technologies were used to treat water contaminated with 

NO3
–
 such as ion exchange, biological denitrification, and reverse osmosis [10]. Although, the ion 

exchange and the reverse osmosis are inapplicable for commercial applications because of the high 

cost of their additional pretreatment and posttreatment [12]. On the other hand, biological 

denitrification suffers from the slow potabilization system, and the risk of biological contamination 

since the process requires phosphorus resources and a certain amount of organic matrix, which can 

result in the generation of organic pollutants [12]. Using electrochemical methods to remove NO3
–
 

contaminants from wastewater has been an important and attractive topic in the environmental 

research field [4]. The efficient procedure of electrogenerated NH3 from NO3
– 

would serve dual 

purposes: First, for water purification, and second, for waste NO3
–
 reuse to produce a highly useful 

chemical product (NH3) [4]. Although the electrocatalytic nitrate reduction reaction (NO3RR) is 

attractive, worth to mention that sometimes during NO3RR may occur side reactions like the 

formation of products with low oxidation states such as nitrite (NO2
–
), nitrogen dioxide (NO2), 

nitrous oxide (N2O), nitric oxide (NO), hydrazine (NH2NH2), hydroxylamine (NH2OH), etc [4,13]. 

For example, NH2NH2 and NH2OH evolve preferably in acidic media, whereas NO2
–
 and NH3 are 

considered the main products in the neutral or basic environment [13]. Prior studies indicate that 

the transformation of NO3
–
 into NO2

–
 is the rate-determining step of NO3RR [14]. Recently, the 

scientific focuses were mainly on obtaining highly active and selective catalysts for NO3RR. 
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The activity of an electrocatalyst depends on various parameters such as medium pH, applied 

potential, surface area, crystal planes, composition, etc [15]. Mono metallic (Cu, Ru, etc.) and 

bimetallic (Pd−Cu, Pt−Cu, Pd−Sn, etc.) catalysts are among the most explored materials in 

electrocatalytic reduction of NO3
− 

[16–20]. For example, Pt and Pd have been shown to exhibit a 

high activity toward NO3
−
 reduction to NH3 [20,21].

 
Another outstanding monometallic catalyst is 

the metal Ru. By using Ru clusters with internal strains, Yu et al. achieve 100% Faradaic 

efficiency (FE) for NO3
−
 reduction. They claimed that strains in Ru clusters help the formation of 

hydrogen radicals, which accelerates the hydrogenation of NO3
−
 during the reduction process [22]. 

In addition to monometallic nanoparticles (NPs), a bimetallic catalyst like CuPd has been proven 

to exhibit excellent performance for NO3RR as well [14].
 
Although noble metals are efficient as 

catalysts, their high cost limits their widespread application. In addition to cost, an ideal catalyst 

for NO3RR should offer good activity and selectivity [7]. Only recently, the development of low-

cost catalysts which are selective for NO3
− 

reduction gained interest. Zhang et al. demonstrated that 

oxygen vacancies in semiconductor TiO2 electrodes improve the overall FE for NO3
−
 reduction by 

weakening the N-O bond [3, 23]. Using metallic Cu NPs, Shih et al studied the impact of facets on 

the electrocatalytic NO3
−
 reduction. The authors reported that different crystal facets contribute in 

different ways to the kinetics and the mode of electrocatalytic NO3RR [24]. On the other hand, 

Sargent et al. have developed a Cu-Ni alloy catalyst with a unique electronic structure that has 

yielded a 6-fold increase in NO3
−
 reduction activity compared to regular Cu electrodes [25]. 

Transition metal phosphides (TMPs) have emerged as promising low-cost candidates for 

electrocatalytic reduction reactions [26–30]. One of the most attractive features of TMPs is the 

charge transfer effect, M( 
+
) → P(), which allows reversibly to produce adsorbed hydrogen 

atoms (H) on the catalyst surface [26,30,31]. Moreover, TMPs have been developed because of 

their good conductivity due to d‐electron configuration [32]. Recently, amorphous nickel 

phosphide (Ni2P) deposited on carbon cloth was demonstrated as an efficient catalyst for NO3RR 

[33]. Yao et al have developed a procedure to grow Ni2P with (111) facet on Ni foam which 

yielded 0.056 mmol h
−1

 mg
−1

 NH3 with FE equal to 99.2% [34]. Further, Yang et al also 

introduced Ni2P catalyst for electrochemical NH3 synthesis using NO2
−
 as a source. Their catalyst 

showed a low onset potential of 0.2 V vs. RHE with FE exceeding 90% [26, 35]. 

Herein, we report for the first time the NO3RR to NH3 using different phases of iron phosphide. 

We synthesized colloidal Fe2P and FeP NPs and deposited them on a titanium (Ti) substrate by 

using a spin-coating approach. To activate the iron phosphide electrodes, a short heat treatment at 

450 ºC was carried out. The Fe2P catalyst showed the highest yield (0.25 mmol h
−1

 cm
-−2

) and FE 
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(96%) at −0.55 V vs. RHE for NH3. Using NO3
−
 as a starting species, we revealed the complex 

reaction pathways occurring during NH3 generation. The recycling test confirmed that FeP 

catalysts exhibited excellent stability during the NO3RR. To get relevant information about the 

fundamental origins behind the better performance of Fe2P compared to FeP and to determine the 

free energies of intermediates, density functional theory (DFT) calculations were performed. 

2. Experimental section 

The preparation of Fe2P and FeP was performed using a modified solvothermal synthesis 

procedure reported by chouki et al [36]. Details of the synthesis procedure and the experimental 

measurements can be found in Supporting Information (SI). 

3. Results and discussion 

3.1. Catalyst characterization 

Following the activation of catalysts at 450 °C, we recorded the XRD pattern of iron phosphide 

samples (Fig. 1). The diffraction patterns are assigned to different phases: hexagonal for Fe2P 

(P 2m, PDF 1008826) and orthorhombic for FeP (Pbnm, PDF 9008932). 
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Fig. 1. XRD patterns of Fe2P and FeP with Rietveld refinement fits. The blue lines show the difference between 

observed (symbol +) and calculated (red solid line) data. The XRD patterns of reference phases are given with labels. 

 

The Rietveld refined crystal parameters for these phases gave: a = b = 5.910 ± 0.0070 Å, and c 

= 3.543 ± 0.0040 Å for Fe2P, and a = 3.105± 0.0006 Å, b = 197±0.0004 Å, and c = 5.783 ±0.0007 

Å for FeP. These values are in good agreement with the literature [37]. The reliability of the 

refinement was assessed by the low values of the weighted profile (Rwp) factor, which is equal to 

Rwp = 6.34% for Fe2P and Rwp = 4.20% for FeP. The processed data meet the established criteria 

(Rwp < 20%) for good refinement [38]. 
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Transmission electron microscopy (TEM) studies revealed that the FeP catalyst is composed of 

microsphere-like objects with typical sizes ranging from 400 to 1300 nm (Fig. 2a). Fig. 2c,d shows 

the uniform distribution of Fe and P elements (at.% ratio1:1) in the given agglomerate. The Fe2P 

sample contained three types of particles: nanospheres (NSs), nanocubes (NCs), and nanorods 

(NRs) (Fig. 2f). While the Fe2P NSs and Fe2P NCs show uniform average diameters (8 ± 3.2 nm 

and 10 ± 2.3 nm), the Fe2P NRs average sizes (7 ± 1.0 nm in diameter and 15 ± 2.7 nm in length) 

varies. High-resolution TEM (HR-TEM) studies indicated that the lattice spacing of 0.28 nm of the 

orthorhombic FeP (Fig. 2e) and 0.15 nm of the hexagonal Fe2P (Fig. 2g) correspond respectively 

to the (200) and (102) crystal planes.  

The morphology of Fe2P and FeP thin films was studied using scanning electron microscopy 

(SEM). As can be seen from Fig. 2h, in the FeP film that is composed of microspheres, larger 

voids are formed. As determined from the cross-section SEM image, the thickness of the film is 

around 26 µm (Fig. 2i). The Fe2P thin film contains large aggregates (Fig. 2j) and densely packed 

NPs (Fig. 2k). The thickness of the Fe2P film is about 10 µm (Fig. 2l).

 

(l)

 

Fig. 2. TEM images of (a,b) FeP microspheres. EDX analysis of FeP taken from the image in (b) and its 

corresponding element maps of (c) Fe and (d) P. (e) HR-TEM image of FeP. In (f) is shown the TEM of Fe2P 

NPs. (g) HR-TEM image taken from an individual Fe2P NP. (h) SEM images of FeP microspheres recorded in 

top-view and (i) cross-section view of the Ti/FeP film. SEM images of densely packed Fe2P NPs in (j,k) top-

views and (l) cross-section view. 
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3.2. Electrochemical studies. 

 Electrocatalytic NO3
−
 reduction experiments using iron phosphide films were performed 

in a mixture of 0.2 M NaNO3 and 0.5 M sodium hydroxide (NaOH) at pH 13. The catalytic 

activities of Fe2P and FeP catalysts for NO3
−
 reduction were evaluated using the linear sweep 

voltammetry (LSV) method. LSV tests displayed that both catalysts have negligible 

electrochemical activity toward hydrogen evolution reaction (HER) in 0.5 M NaOH in the 

potential window from 0.0 to – 0.55 V vs RHE (Fig. 3a). To our expectation, the current 

density of Fe2P and FeP cathodes were markedly increased upon adding NaNO3 into the 

solution, which showed an onset potential at about −0.3 V vs. RHE for Fe2P and −0.34 V vs. 

RHE for FeP. To explain the observed improved activities for NO3RR we also conducted 

experiments using metallic iron (Fe) thin film. Fe is widely used for catalysis [39]. Recently, 

it was introduced as a good catalyst for NO3
−
 reduction to NH3 [4]. For comparison, we also 

provided LSV characteristics of Fe, iron oxide, Ti, Pt, and iron phosphate thin films. The LSV 

test showed that the Fe catalyst is not active for HER (Fig. S2). However, it showed a good 

activity toward NO3
−
 reduction. It exhibited an onset potential at about −0.34 V vs. RHE 

which is comparable to FeP and Fe2P catalysts (Fig. 3b). However, after repeated LSV cycles 

using Fe thin film the current greatly reduced which indicates an ongoing corrosion process 

(Fig. S2). Pt exhibited an onset potential at about −0.22 V vs. RHE which is lower than FeP 

and Fe2P catalysts (Fig. S3). However, the high cost and scarcity of Pt limit its widespread 

use. On the other hand, Ti plate alone and pristine iron oxide deposited on Ti showed low 

current densities and high onset potentials > −0.4 V vs. RHE proving that they have negligible 

contributions to NO3
−
 reduction (Fig. S3). It is noteworthy that the pristine iron phosphate 

thin film produced a lower current for NO3
−
reduction than the initial FeP and Fe2P thin films. 

In addition, during the repetitive cyclic test, the activity of iron phosphate film decreased 

significantly which confirms once again its unsuitability for NO3RR when is used as a stand 

alone film (Fig. S4). It seems that metal oxide and metal phosphate surface termination causes 

a synergistic effect which improves the activity of the iron phosphide films. 

Tafel analysis was performed as a useful metric for interpreting the polarization curves [36, 

40, 41]. Fig. 3c shows the Tafel relationships, potential versus log|j| (logarithm of current), for 

the HER and the NO3RR recorded in 0.5 M NaOH and a mixture of 0.5 M NaOH / 0.2 M 

NaNO3 (pH 13), respectively. The HER process usually goes through three reaction 

pathways: the Heyrovsky reaction (e.g. desorption step: H (ads) + H3O
+
 + e− → H2 + H2O), 

where H (ads) represents a hydrogen atom adsorbed at the active site of the catalyst), the 

Volmer reaction (e.g. discharge step: H3O
+
 + e− → H (ads) + H2O, or the Tafel reaction (e.g. 
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discharge or recombination step: H (ads) + H (ads) → H2). The Volmer reaction is considered 

slow since the adsorption of hydrogen on the active sites will result in a slope, higher than 116 

mV dec
−1 

[41]. In the case of the NO3RR, the reduction of nitrates proceeds according to the 

proposed mechanism: NO3
− 

(sol) ⇌ NO3
− 

(ads) and NO
− 

(ads) + H (ads) + e− → NO2
− 

(ads) + 

OH
−
. The produced NO2

− 
(ads) either desorbs from the surface of the electrode or reduces to 

give NH3 according to the reaction: NO2
−
 (ads) + 5H (ads) + e− → NH3 + 2OH

−
 [42]. The 

obtained Tafel slopes using Fe2P and FeP in 0.5 M NaOH were 184 mV dec
−1 

and 205
 
mV 

dec
−1

 respectively. The high Tafel slope values in 0.5 M NaOH suggest that the proton 

discharge is the rate-determining step on the surface of the catalysts [41]. However, the Tafel 

slopes decreased when we introduced NO3
−
 into the solution. The obtained values of 155 mV 

dec
−1 

for Fe2P and 158 mV dec
−1

 for FeP reveal that the NO3RR process follows a similar 

mechanism to that of Volmer-Heyrovsky where the Volmer reaction is the rate-limiting 

process. As expected, Ti showed the highest Tafel slope of 212 mV dec
─1

. Since lower Tafel 

slope correlates to higher catalytic activity [36], the catalysts are ranked in the following 

order: Fe2P > FeP > Ti. 

 Few catalysts are available for efficient NH3 generation at low potentials. Recently, Wu et 

al. demonstrated the role of Fe single-atom catalyst (SAC) for NO3RR. The authors showed 

that at −0.55 V vs RHE the Fe catalyst yielded a current density of 4.30 mA cm
−2 

which 

corresponds to 331 μg h
−1

 mgcat.
−1

 NH3 yield at 39% FE [4]. Using CuO nanowire arrays, 

Zhang et al. demonstrated a more efficient NH3 evolution process. However, they applied a 

very high potential (−0.85 V vs. RHE) to get 95.8% FE [1]. In our study, the applied 

potentials are under ≤ −0.55 V vs. RHE intending to suppress the competing HER process. 

Potentiostatic tests for NO3RR at −0.50 V vs. RHE for three cycles revealed the stability of 

the electrodes (Fig. 3d). While the FeP shows decent current stability, the Fe2P suffers from 

the decline of current which could be a sign of an ongoing corrosion process. During 

operation at high current densities, factors like internal resistance losses, accessibility of 

catalytic surfaces to reactants (liquid-solid-gas interfaces), electron transfer rate, and bonding 

strength may influence the catalyst performance [43]. 

LSVs were recorded to follow the activity of the iron phosphide films before and after the 

runs (Fig. S5). For the FeP catalyst, there is a slight drop in current. However, the onset 

potentials remained steady even after the third run. In the case of Fe2P, both current and onset 

potential varied. To avoid corrosion of the film, the stability tests were also performed under 
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reduced applied potentials (−0.37 V vs. RHE). The results show that both films are stable in 

this case (Fig. S6). 
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Fig. 3. (a) LSV characteristics of Fe2P and FeP catalysts in 0.5 M NaOH and a mixture of 0.5 M NaOH / 0.2 M 

NO3
−(pH 13) at 5 mV/s. (b) LSV characteristics of Fe catalyst recorded before and after 100 cycles. (c) Tafel 

slopes with and without NO3
−. (d) Potentiostatic tests at −0.50 V vs. RHE for three cycles were recorded with (i) 

FeP and (ii) Fe2P in the presence of NO3
−ions. 

Electrochemical impedance spectroscopy (EIS) was employed to measure the charge 

transfer resistance (Rct) at the surface of electrocatalysts in a mixture of 0.5 M NaOH / 0.2 M 

NaNO3 [44, 45]. Nyquist plots of Fe2P and FeP films were recorded under applied potentials 

in the range from −0.1 to −0.6 V vs. RHE (Fig. 4a,b). The Rct values were obtained after 

fitting the EIS data with the relevant circuits (Fig. S7a). The low Rct values in the presence of 

NO3
–
 are consistent with fast charge-transfer kinetics. The Ti was found to be active only in 

the potential range above −0.57 V vs. RHE. This result indicated that the Fe2P and FeP 

catalysts have fast electron transfer and promising catalytic performance for NO3
−
 reduction. 

The detection of NH3 has been identified electrochemically using FeP or Fe2P as the 

working electrodes (2 cm
2
 geometric area) following the long-term NO3RR experiment under 

chronoamperometric conditions in deoxygenated 0.5 M NaOH / 0.2 M NaNO3 solution. 

During the NO3RR experiments, we used a bipotentiostate where one of them was attached to 

the iron phosphide working electrode which generated the NH3 while the other was used for 

detection. The detection followed independent NH3 oxidation using voltammetric diagnostic 

experiments in a manner analogous to that described previously for the detection of the CO2 

reduction products [46]. The analytical concept has been based on the previous observations 

postulating proportionality of the Pt-induced NH3 oxidation currents on NH3 concentration in 

the mM range [47]. Historically, electrooxidation of NH3 attracted broad interest with respect 
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to wastewater treatment [48], and in NH3 fuel cells [49, 50]. In this context, the concept of 

electrooxidation of NH3 to N2 has been widely explored despite the complexity of the 

mechanism for the oxidation of NH3. 

During NH3 detection, the second working electrode modified with Pt catalytic NPs 

(deposited on glassy carbon) was placed in the vicinity of the FeP, or Fe2P working electrode 

[51]. Fig. 4d illustrates the results of a series of blank NH3 oxidation cyclic voltammetric 

(CV) experiments (curves a - d) performed in 0.5 M NaOH which contain intentionally added 

NH3 in the concentration range from 1 to 10 mM. 
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Fig. 4.  EIS characteristics in a mixture of 0.2 M NaNO3 and 0.5 M NaOH (pH 13) of (a) Fe2P and (b) FeP. (c) 
Plot of Rct vs. applied potential (negative values). (d) CV responses during the oxidation of NH3 at (a) 1, (b) 5, 

(c) 8, and (d) 10 mM using Pt decorated working electrode. The dark line illustrates the response recorded in the 

NH3-free solution. 

 

Single voltammetric peaks of NH3 oxidation have emerged at potentials ranging from 0.55 

to 0.70 V vs. RHE. Although the peak potentials are somewhat concentration-dependent, the 

voltammetric peak responses are well-defined. The black line stands for the typical response 

of Pt NPs in NH3-free alkaline (0.5 M NaOH) medium [52]. Here, in the potential range from 

0.0 to 0.4 V vs. RHE, hydrogen adsorption peaks are developed and at potentials higher than 

0.7 V vs. RHE, the reversible oxidation of platinum to platinum oxides has been observed. In 

between the hydrogen peaks and formation of Pt oxides, platinum exists mostly in the 

metallic form. It is apparent from Fig. 4d (curves a – d) that the oxidation of NH3 to N2
 
is 

catalyzed by metallic platinum, rather than Pt oxides (evident from the decrease of the 

oxidation currents at/above 0.8 V vs. RHE). The proportionality of the peak-current densities 

on NH3 concentration is evident from the Fig. S7b. Since the Fe2P film gave the highest 
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NO3RR current densities (relative to FeP) our discussion will be mainly on Fe2P (Fig. S8). 

The long-term (2 h) chronoamperometric reduction of NO3
−
 has been performed (at the Fe2P 

working electrode) in a two-chamber electrolytic cell (subjected to continuous saturation with 

argon) upon application of −0.55 V vs. RHE (Fig. S8). 

By comparing the net voltammetric peak-current density (Fig. S9a) with the analogous 

current density values originating from blank experiments at different concentrations 

(working curve in the Fig. S7b), the NH3 concentration generated following the NO3RR at the 

Fe2P electrode upon application of –0.55 V vs. RHE has been estimated to be equal to 4.7 

mM. Judging from the amount of charge (188 C cm
−2

) transferred during the electrolysis for 

7200 s at the 2 cm
2
 Fe2P-electrode (Fig. S8a), and by assuming 100% efficiency of the 8-

electron reduction of NO3
−
 to NH3, the NH3 concentration equal to 4.9 mM has been obtained. 

By comparing the above concentration values 4.7 and 4.9, the FE toward the production of 

NH3 can be postulated to be on the level of 96%. 

The appearance of a single peak in the voltammogram supports our view that NH3 is the main 

N2 reaction product (Fig. S9a). In particular, no NH2NH2 is expected to be formed here 

because its oxidation peak on platinum would appear at less positive potentials, namely 

starting from 0.2 V vs. RHE [53], which is not the case in this study. The fact that some 

current increase is observed at potentials higher than 0.8 V vs. RHE should be attributed to 

the system’s further oxidation, namely to the oxidation of N2-product to nitrogen oxo species 

[54]. This “tailing effect” observed at positive potentials does not seem to interfere with the 

analytical diagnosis based on the determination of the peak current density (Fig. S9a). Any 

formation of sizeable amounts of NO2
−
 and nitrogen oxides (N2O, NO, N2O3, etc.)

 
[54] would 

result in the sizeable reduction peak currents at about 0.2 V vs. RHE in the reduction 

voltammetric scans. As demonstrated during voltammetric diagnostic experiments in 

solutions containing the intentionally introduced NO2
−
 at various concentrations (Fig. S9b). 

No such responses have been obtained in the analyzed solutions after electrolysis at −0.55 V 

vs. RHE. Because our present results are consistent with the view that NH3, together with 

hydrogen, are generated at Fe2P during NO3RR, estimation of the selectivity efficiency has 

also been based on this assumption. Remembering that formation of H2 is the two-electron 

reaction, and conversion of NO3
−
 to NH3 is the eight-electron process, it can be rationalized 

from the 96% FE (calculated for the NH3 generation) that the selectivity (molar) efficiency is 

equal to ca. 84%. To validate this result, some attention has been paid to the dynamics of 

hydrogen evolution in the NH3-containing NaOH. Thus, we have performed an additional 
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chronoamperometric experiment in 0.5 M NaOH containing 4.6 mM NH3, namely, to 

simulate hydrogen evolution in the presence of NH3 generated during NO3
−
 reduction in an 

alkaline medium. Inset b of Fig. S8 shows that the addition of NH3 tends to decrease 

hydrogen evolution (dashed line), relative to the performance at NH3 free conditions (solid 

line). Based on the comparison of the H2-evolution current (after 1000 s from the dashed line 

in Fig. S8b) and the current recorded after 1000 s during NO3RR electrolysis, as well as 

remembering that different numbers of electrons are involved in both processes, the 

selectivity (molar) efficiency can be estimated to be on the level 80%. The obtained values, 80 

and 84% are comparable, and the difference between them may reflect the uncertainty in the 

assumption about the hydrogen evolution efficiency in the presence of NH3 formed during the 

NO3RR electrolysis. At −0.55 V vs. RHE, the Fe2P catalyst has exhibited 0.25 mmol h
−1

 cm
−2

 

or 2.10 mg h
−1

 cm
−2

 reaction rates toward NH3 generation. Upon application of less negative 

potentials, −0.50 and −0.37 V vs. RHE, the yields have been lower, 1.50 mg h
−1

 cm
−2

 and 

0.42 mg h
−1

 cm
−2

, respectively. While the FeP catalyst has also been characterized by the 

comparably high FE of 94% for NH3 generation at −0.55 V vs. RHE, the reaction rate has 

been found under such conditions to be lower (0.12 mmol h
−1

 cm
−2

 or 1.0 mg h
−1

 cm
−2

), when 

compared to the performance of Fe2P. Upon application of less negative potentials to FeP, 

−0.50 and −0.37 V vs. RHE, the reaction rates have been rather low, 0.71 and 0.19 mg h
−1

 

cm
−2

, respectively. The obtained yields at −0.55 V vs. RHE using the active Fe2P phase were 

found to be higher or comparable to what is reported in the literature (Table S1). 

To validate the formation of NH3 during the electrochemical NO3RR mass spectrometry 

(MS) analysis was used as another proof (Fig. S10). The sudden rise of ionic current at 28 s 

indicates the presence of fragment ions with a mass-to-charge ratio equal to m/z = 17 for NH3. 

In addition, the absence of H2 (m/z = 2) during NO3RR suggests that HER is suppressed 

during NH3 production.  

Fourier transform infrared (FTIR) was used to identify the characteristic vibration 

components present in the FeP and Fe2P samples (Fig. 5a,b). The C-H bending vibration at 

3000 cm
−1 

which comes from surface passivated organics is present in FeP and Fe2P samples 

[55]. Similarly, the intensive band at 1740 cm
−1

 in FeP and 1730 cm
−1

 in Fe2P samples are 

attributed to the bending vibrations of C=O bonds [56, 57]. Stretching vibrations of -CH3 are 

assigned to the bands at 1352 and 1455 cm
−1

 in the Fe2P sample [58]. In the case of the FeP, 

the CH3 band is located at around 1371 cm
−1 

[59, 60]. The bands located at 1086 cm
−1

 (FeP) 

and 850 cm
−1

 (Fe2P) confirm the presence of phosphate (P-O) species [61, 62]. Comparison of 

Jo
ur

na
l P

re
-p

ro
of



13 
 

FTIR spectra recorded from the FeP film before and after the stability tests shows 

insignificant changes. However, in the case of Fe2P, the intensity of the P-O peaks 

dramatically decreased after the test, which confirms the masking or leaching of phosphorus 

during the NO3RR. The composition and the chemical state of FeP and Fe2P thin films were 

characterized by XPS. The XPS survey spectrum of the FeP and Fe2P electrodes before and 

after NO3
−
 reduction is shown in Fig. 5c,d. XPS narrow scans of Fe 2p, O 1s, and P 2p 

regions recorded from the FeP sample (before the NO3
−
 reduction) are shown in Fig. 6a,c and 

e. The spectrum of Fe 2p displays characteristic peaks at 711.4 and 725.0 eV, corresponding 

to 2p
3/2 

and 2p
1/2 

levels of Fe
2+ 

[63]. The positions of the peaks suggest that Fe appears in the 

form of iron oxide and iron phosphate (major phase) [64]. The peaks at 715.0 and 729.8 eV 

are assigned to Fe
3+

,
 
indicating the coexistence of Fe

3+
 and Fe

2+
 in the FeP sample. The peaks 

at 719.2 and 734.3 eV are satellite peaks, which belong to Fe 2p
3/2 

and Fe 2p
1/2

, respectively 

[63].
 
The characteristic O 1s line shows an intensive broad signal which contains several 

individual peaks. The peak at 530.4 eV confirms the divalent valence state of O in the FeP. 

The other two peaks at 531.6 and 533.4 eV are attributed to the C–O and C=O bands arising 

from functional groups absorbed on the sample surface [65]. The three signals within the P 2p 

envelope of FeP are attributed to surface oxidized P species and P from the iron phosphide 

[64]. The two peaks at 134.0 and 133.3 eV could be from the PO4
3–

 or P2O5 due to the 

unavoidable oxidation of P species either during the synthesis or heat-treatment process. The 

peak at 130.8 eV reflects the binding energy of P 2p1/2 which can be assigned to P bonding to 

Fe. Selected regions of the XPS spectra of Fe2P recorded before NO3
−
 reduction are shown in 

Fig. 6g,i and k. The photoelectron Fe 2p signal exhibits a doublet at 711.4 eV (Fe 2p3/2) and 

724.8 eV (Fe 2p1/2) due to spin-orbit splitting. These peaks can be attributed to the oxidized 

state of Fe formed on the Fe2P surface, demonstrating the oxidation state of Fe
2+ 

[64, 66]. A 

small peak at 714.8 is assigned to Fe
3+, 

indicating the coexistence of Fe
3+

 and Fe
2+

 in the Fe2P 

sample [63]. The O 1s shows a peak at 530.3 eV, confirming that the valence state of O is 

divalent (Fe-O, metal-containing oxygen bond). The two shoulder peaks at 531.8 and 533.6 

eV are attributed to the C–O and C=O bands arising from molecules absorbed on the sample 

surface [65]. The P 2p signal in the Fe2P sample is almost missing which can be explained by 

the fact that oxide-rich iron phosphate forms on the Fe2P surface and masks the signal of P 2p 

[67, 68]. 
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Fig. 5. (a-b) FTIR spectra and (c-d) XPS survey scans of FeP and Fe2P taken before and after the NO3RR tests. 

To gain a better understanding of Fe2P and FeP catalyst surface chemistry, we also 

recorded XPS spectra after the NO3
−
 reduction test (Fig. 6). The results of the quantitative 

analysis of the XPS are shown in detail in Table S2 and Table S3. The XPS peak intensities 

can be converted to atomic concentrations (at %) using the sensitivity factors determined 

experimentally or simply calculated [69]. For the Fe2P sample, the atomic and the mass 

concentration (mass %) of Fe 2p, O 1s, and Ti 2p before and after the test did not show any 

drastic changes. However, the analysis shows that P 2p decreased more than 3 times after the 

test. The at % of P 2p decreased from 4.71 to 1.19 %. In the case of FeP, the at % of Fe 2p 

increased from 13.99 to 27.35. On the other side, the at % of P 2p decreased from 15.27 to 

2.892. The extensive decrease of P 2p is explained by the fact that phosphorus transformed to 

phosphate (hidden by surface oxygen species) or consumed due to corrosion during the 

reduction of NO3
−
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Fig. 6. XPS core-level spectra of FeP recorded before (a,c,e) and after (b,d,f) the test. The characteristic lines of 

Fe2P before (g,i,k) and after (h,j,l) the stability studies. 

 

3.3. Reaction mechanism.  

The reaction mechanism for NO3RR catalyzed by Fe2P and FeP electrocatalysts has been 

studied using DFT at the RPBE+D3 level of theory in an aqueous solution. Our models have 

been constructed based on the intensities of the XRD patterns (Fig. 1) and XPS data analysis, 

leading to the building of the oxidized Fe2P (111) and phosphate-coated FeP (101) surfaces 

(see Fig. S12). These are also characterized by the presence of a vacancy that will act as an 

active site where the substrates will interact with the catalytic surface along the NO3RR. The 

reduction of NO3
−
 into NH3 entails the transfer of nine protons and eight electrons, however, 

with the assumption that both NO3
–
 and its protonated form of nitric acid (HNO3) are in 

equilibrium, the modeling focuses on the study of the HNO3 adsorption and NH3 desorption 

phenomena as the initial and final steps to the global process defined by the electrochemical 

equation HNO3 (ac) + 8 H
+
 + 8 e

–
 ⇌ NH3 (ac) + 3 H2O (l). In this context, Fig. 7 gathers the 

structures of each elementary reaction step and the free energies associated with each one at 

room temperature and pressure conditions when there is no applied potential (U = 0) and pH = 

14 (basic). Interestingly, both the oxidized Fe2P (111) and phosphate-coated FeP (101) 

surfaces present spontaneous binding free energies for HNO3 adsorption, –0.34 and –0.51 eV, 

respectively. This fact is due to the presence of low-coordinated surface Fe atoms, specifically 

three-fold (3c), making them electrophilic and therefore expecting greater interactions with 
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the substrates than other surfaces constituted by higher coordinated surface Fe atoms (see Fig. 

S13). Both, the oxidized Fe2P (111) and phosphate-coated FeP (101) surfaces present similar 

catalytic profiles for the first four reduction steps, that is, the formation of *NO2, *HNO2, 

*NO, and *NOH intermediate species (see Fig. 7, more details at Fig. S15). 

 

Fig. 7.  Proposed reaction mechanism for the electrochemical HNO3 conversion into NH3 (NO3RR) catalyzed by 

the oxidized Fe2P (111) (top) and phosphate coated FeP (101) (bottom) surfaces. Reaction-free energies at room 

temperature are shown in eV when there is no applied potential (U = 0) and pH = 14. 

 

Both the production of NO2 and NO are spontaneous processes with –1.62 and –1.42 eV 

for Fe2P (111) and –1.49 and –1.14 eV for FeP (101), expected values given the great 

potential of these species to coordinate with metal centers. With a contrary trend, the 

formation of nitrous acid and nitroxyl is non-spontaneous with values of 1.17 and 1.19 eV for 

Fe2P (111) and 0.89 and 1.26 eV for FeP (101). This last, that is, the nitroxyl formation as a 
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consequence of the fourth hydrogenation, *NO + H
+
/e

–
 ⇌ *NOH, represents the step with the 

highest thermodynamics impediment, expecting a maximum overpotential of –1.19 and –1.26 

V vs. CHE (computational hydrogen electrode) equivalent to the SHE, or –0.36 and –0.43 V 

vs. RHE (pH = 14) for Fe2P (111) and FeP (101), respectively. Interestingly, our calculations 

estimate values of anodic potentials very close to those observed experimentally, validating 

the construction of our models. Up to this point, all substrates interact with the Fe2P (111) and 

FeP (101) surfaces through, at least, two binding points involving the two three-coordinated 

surface Fe atoms. A greater distance of them in the FeP (101) makes the metal nitride species 

and its subsequent hydrogenated amino *NH and *NH2 intermediates less stabilized than the 

ones on the Fe2P (111) surface. Finally, the NH3 desorption is calculated as just 0.49 eV for 

the oxidized Fe2P (111) surface while for the phosphate-coated FeP (101) one a heavy value 

of 1.15 eV is observed, indicating a possible catalyst poisoning for this second case. 

4. Conclusion 

In this work, we report the use of iron phosphides as highly efficient noble metal-free 

catalysts in NO3RR studies. A modified solvothermal synthesis procedure using 

triphenylphosphine precursor was used to prepare the Fe2P and FeP catalysts. Impressively, 

the Fe2P catalyst shows the highest FE (96%) and yield (2.10 mg h
−1

 cm
−2

) at −0.55 V vs. 

RHE for NH3 generation. For the FeP catalyst, at−0.50 and −0.37 V vs. RHE, the yields were 

found to be 0.71 mg h
−1

 cm
−2

 and 0.19 mg h
−1

 cm
−2

, respectively. The recycling test 

confirmed that both FeP and Fe2P catalysts exhibited excellent stability during the NO3RR at 

−0.37 V vs. RHE. Herein, the reported catalytic activities also consider the presence of metal 

oxide and metal phosphate surface terminations, which contributes in a synergistic way to the 

observed enhanced activities of iron phosphide films. DFT calculations supported the 

experimental observations and explained the mechanism and the fundamental origins behind 

the better performance of Fe2P as compared to FeP. This study demonstrates the tremendous 

potential of iron phosphide catalysts as efficient cathodes toward NO3RR to NH3. Hence, this 

work could be also extended to other TMPs for selectively converting different nitrogen 

oxides into valuable green NH3 under benign conditions. 
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Highlights: 

 Iron phosphide films were synthesized for NO3

 reduction reaction (NO3RR) to NH3. 

 Detection of the in-situ product was achieved using electrooxidation of NH3 to N2. 

 Fe2P film exhibits 96% Faradaic efficiency for NH3 generation at −0.55 V vs RHE. 

 Recycling test showed that FeP electrocatalyst is stable during the NO3RR. 

 DFT (RPBE+D3 level) in an aqueous solution was used to study the NO3RR 

mechanism. 
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