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Abstract  

To achieve efficient conversion of nitrate to ammonia, it is necessary to design and develop electrode materials 

with high activity and efficiency for the electrocatalytic reduction reaction of nitrate (NO3RR). Due to its unique 

semi-metallic properties, the vacancy orbitals of boron are prone to accommodate electrons, so doping element 

B with transition metals is expected to change the local electronic configuration of the metal, which in turn 

affects the corresponding catalytic reaction. Here, we propose a new strategy for the preparation of metal borides 

by using dodecahydro-closo-dodecaborate and Co2+ complexed and calcined to prepare a novel metal boride-

Co2B for electrocatalytic nitrate reduction. This modification considerably enhances the performance of NO3RR. 

Co2B exhibited a Faradaic efficiency of NH4
+ (FENH4+) as high as 96.61% at -0.5 V vs. RHE, achieving a 

remarkable NH4
+ yield of 5.73 mg h-1 mgcat

-1. This study provides a new approach for designing catalysts for 

environmentally-friendly ammonia synthesis. 
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1. Introduction 

The increase in nitrate (NO3
−) pollution in aquatic ecosystems and drinking water threatens global nitrogen 

cycling, with potential implications for human health and the environment[1]. In recent decades, various 

physical, biological, and chemical methods have been developed to balance the balancing of the global nitrogen 

cycle[2]. Electrocatalytic nitrate reduction (NO3RR) is an effective method for nitrate conversion and different 

compared to other conventional approaches because it uses renewable energy resources without generating 

secondary waste[3]. Moreover, NO3RR can be further integrated with renewable energy sources such as solar 

and wind energy, enhancing system sustainability. As opposed to thermal catalytic reduction of nitrate, NO3RR 

does not require the provision of H2 or other reducing agents. Instead, it uses electricity to reduce protons present 

in the aqueous phase, thereby converting nitrate into products such as N2, NH3, NO, N2O, and NH2OH [4-9]. 

Electrochemical NO3RR in aqueous solutions involves a proton-coupled electron transfer reaction, with the 

involvement of either a five-electron reduction leading to the formation of nitrogen gas or an eight-electron 

complete reduction resulting in the production of ammonia[10]. The significance of the complexity of nitrate 

reduction is manifested by comparing it with the four-electron oxygen evolution reaction (OER), oxygen 

reduction reaction (ORR), two-electron hydrogen evolution reaction (HER), or the hydrogen oxidation reaction 

underscores its significance. The electrochemical reduction of NO3
- to NO2

- is considered as the rate-

determining step that controls the overall kinetics of the NO3
- reduction process[11]. Additionally, the NO3RR 

rate is directly proportional to the specific surface area, adsorption capacity, and NO3
- concentration of the 

electrocatalyst[12].  

The conversion of NH4
+ is regarded as the preferred final product and a thermodynamically stable form of 

nitrogen. The electrocatalytic reduction mechanism of NO3
- is highly complex because it involves multiple 

intermediate species (such as NO2
-, N2H4, H2NOH, and NO) as the oxidation state of nitrogen transitions from 

+5 to -3[13]. These intermediate species play crucial roles in explaining the mechanism of the NO3RR. The 



optimal pathway and final products of the electrocatalytic NO3
− reduction can be modulated by manipulating 

various factors such as electrode materials, crystal facets, and operating parameters. Therefore, the 

electrochemical reduction of nitrate to ammonia depends critically on the electrode materials used. Appropriate 

electrode materials can reduce overpotential, accelerate the reaction rate, and enhance the selectivity toward the 

reduction product, i.e., ammonia[14]. In recent years, numerous exceptional research studies have explored 

suitable non-metallic[15, 16], noble metal[17-19], and non-noble metal electrode materials[20-23].  

Transition metals, such as copper, iron, nickel, and vanadium are more affordable options and contain 

numerous electrons in their d-level orbitals, making them highly conducive to redox reactions[24-27]. Moreover, 

the unfilled d-level orbitals offer greater versatility in coordination and allow for smaller, more flexible bonding 

angles with a wider range of coordinating agents[28-30]. Moreover, the extensive corrosion of nonprecious-

metal electrodes caused by the buildup of OH- during frequent electrolytic reduction reactions degrades their 

catalytic performance. Furthermore, Skulason et al. suggest that for the flat (111) or step (211) surfaces on pure 

transition metals, including those near the top of the activity volcano, have high theoretical overpotentials and 

are subject to competition from hydrogen evolution reactions[31]. Thus, catalyst materials containing 

alternative key elements must be explored. In the realm of electroreduction to NH3, metal borides have emerged 

as a novel choice owing to the distinctive electronic orbital arrangement of boron[32-35]. With its semimetallic 

characterization, boron possesses vacant orbitals that can easily accommodate electrons from transition metals, 

thereby altering the localized electronic configuration of the metal and consequently influencing the 

electrocatalytic reaction[36-39].  

Presently, the majority of B used to produce metal borides is sourced from a mildly alkaline aqueous 

solution of BH4
- (hydrogen and OH- are released during BH4

- decomposition), thereby forming metal oxides 

and hydroxides alongside the metal boride[33, 34]. Our group has explored our efforts to investigating 

composites that utilize closo-dodecahydrododecaborane (closo-[B12H12]
2-) as a foundation for various catalytic 

processes[40], including photo-[41, 42], electro-[43, 44], and thermocatalysis[45, 46].  

Under the above premises, boron clusters can be considered as a series source of B owing to their 

exceptional stability, a composition comprising only two elements B and H, and cation tunability. To investigate 

the metal borides formed by calcination of boron cluster (closo-[B12H12]
2-) with metal precursor and their 

application in the process of NO3RR, Co-p composites are prepared by introducing Co2+ into N-tetrabutylamine 

- [B12H12] (TBA2[B12H12]) through ion exchange, followed by calcination, thereby producing Co2B. The 

introduction of element B from closo-[B12H12]
2- has the potential to modulate the electron distribution of Co, 

thereby enhancing or synergistically promoting the electrocatalytic process. The results show that the 

synthesized Co2B exhibited a Faradaic efficiency of NH4
+ (FENH4+) as high as 96.61% at -0.5 V vs. RHE, 

achieving a remarkable NH4
+ yield of 5.73 mg h-1 mgcat

-1. Theoretical and experimental findings suggest that 

the introduction of B increases the catalytic active site, both Co and B surfaces adsorb NO3
-, and the further 

reduction to N is energetically spontaneous. The synergistic effect of the two elements (Co, B) improves the 

catalytic effect, the Co-terminated surface of Co2B can more effectively catalyze the initial nitrate reduction 



step to form nitrite and provide greater ease of desorption of NH3 compared to the B-terminated surface. This 

modification considerably enhances the performance of NO3RR. 

               

 

2. Experimental 

2.1 Materials and Methods. 

All the chemicals and solvents were purchased from Shanghai Macklin Biochemical CO., LTD, and used 

without further purification. Ultrapure water was used for all processes. PXRD spectra were obtained on Bruker 

D8 Advance. Fourier Transform Infrared Spectra (FT-IR) were obtained on Thermo iS10 (with 32 scans). The 

XPS spectra of Co2B/BCN were recorded on ESCALAB250Xi. The material was prepared into a suspended 

ethanol solution and dropped on a silicon wafer to air dry. Then, Scanning Electron Microscopy (SEM) images 

were collected on Zeiss SIGMA (signal acquisition mode: Inens SE2; acceleration voltage: 5.00 kV). The 

material was prepared into a suspended aqueous solution and dropped on a self-supporting carbon film, and the 

High-Resolution Transmission Electron Microscopy (HR-TEM) image was recorded on JEM-2100 Plus. Co 

K-edge analysis was performed with Si (111) crystal monochromators at the BL11B beamlines at the Shanghai 

Synchrotron Radiation Facility (Shanghai, China). Before the analysis at the beamline, samples were pressed 

into thin sheets 1 cm in diameter and sealed using Kapton tape film. Co K-edge EXAFS spectra were recorded 

in transmission mode. The XAFS spectra of the standard samples (Co foil, Co3O4, and CoO) were recorded in 

transmission mode. The spectra were processed and analyzed using the software codes Athena and Artemis[47]. 

Inductively coupled plasma emission spectrometry (Optima 5300DV) was used to accurately determine the 

metal content in materials, and we determined that the Co load in Co2B/BCN was 13.02%. Nuclear magnetic 

resonance (NMR) spectra were recorded on a Bruker 400-MHz instrument. The chemical shifts (δ) in the 1H 

NMR spectra were accounted in an internal standard (0.0 ppm) in D2O. 

 

2.2 Preparation of the Catalysts  

Preparation of Cs2[B12H12]: Na2[B12H12]was synthesized using a method in the literature [48]. 

Preparation of TBA2[B12H12]: 4.074 g (0.01 mol) of Cs2[B12H12] was dissolved in a 500 mL beaker by 

adding about 300 mL of deionized water with thorough stirring. Then a slight excess of about 5.0 g of 

tetrabutylammonium bromide was added to the aqueous solution of boron clusters, and due to the special nature 

of boron clusters, they will exchange cations to form TBA2[B12H12]. The white solid was filtered and washed 

with deionized water for three times, and the dried TBA2[B12H12] was obtained after 12 h at 60 ℃. 

Preparation of Co2B/BCN: As shown in Scheme 1: 1 mmol of cobalt chloride hexahydrate (CoCl2·6H2O) 

was dissolved in 30 mL of deionized water, followed by 1 mmol of TBA2[B12H12] in 10 mL of methanol solution 

was added dropwise, and the reaction solution was filtered after continued stirring for 30 min and washed with 

deionized water until the filtrate was colorless, then the micronized color of p-Co2B/BCN was obtained. The 

dried p-Co2B/BCN was put into a porcelain boat and placed in a tube furnace. The black powder Co2B/BCN 



was prepared under high purity Ar gas at a starting temperature of 283 K. The temperature was increased at a 

rate of 10 K min-1 for 69 min to 973 K, and kept for 2 h. 

 

 

Scheme 1. Preparation pathway for Co2B/BCN 

Scheme 1. Preparation pathway for Co2B/BCN. 

 

2.3 Electrochemical performance test 

Electrochemical testing was conducted at 25℃ on an electrochemical workstation (CORRTEST, Wuhan, 

China) using a double-chamber electrolytic cell (separated by Nafion 117) equipped with a three-electrode 

system and 75 mL of 0.1-M KOH with 100-mM KNO3 as the electrolyte. For the catalyst ink, 10.0 mg of 

CuxCoy-BCN, 0.3 mL of ultrapure water, 0.65 mL of absolute ethyl alcohol, and 50 µL of Nafion (5 wt%) were 

mixed and then sonicated for >30 min. Subsequently, 20 µL of this catalyst ink was applied to a 1 × 1 m−2 piece 

of processed carbon paper to form the working electrode. The reference and counter electrodes were a Hg/HgO 

electrode and a platinum wire electrode, respectively. Before electrochemical testing, Ar gas was introduced for 

30 min to expel air and a cyclic voltammetry curve at 100 mV/s was performed to activate the electrode. Linear 

sweep voltammetry (LSV) curves and amperometric current–time (i–t) curves were then determined at different 

voltages. The formula for RHE conversion is ERHE = EHg/HgO + 0.059 pH + 0.098. 

 

2.4 Product detection method 

The detection of NH4
+-N yields: Detection of NH4

+-N was performed using indophenol blue colorimetry: 

six standard solution gradients of 4 mg/L, 2.5 mg/L, 1.6 mg/L, 0.8 mg/L, 0.4 mg/L and 0.1 mg/L of NH4Cl in 

0.1 M KOH solution were prepared. Adding 0.2 mL of 1 wt% sodium nitroprusside solution, 2 mL of 1 M 

NaOH solution (containing 5 wt% salicylic acid and 5 wt% sodium citrate), and 1 mL of 0.05 M NaClO solution 

(to be used as needed) to 2 mL gradient standard solutions. After standing for 2 hours, the absorbance at 657 



nm was recorded on the ultraviolet spectrophotometer, and the standard curve line was drawn according to the 

correlation between the absorbance of the ultraviolet spectrophotometer and the concentration of NH4
+-N 

solution (Figure S1 a). The FE and rate of ammonia production are calculated as follows: 

r(NH4
+) =

C(NH4
+)×V

t×mcat.

(1) 

 

FE(NH4
+) =

8×96500×m(NH4
+)

17×Q
(2) 

Here, r(NH4
+) denotes the rate of ammonia production (mg h−1 mgcat.

−1), c(NH4
+) represents the 

concentration of ammonia produced (mg/L), V represents the volume (75 mL), t refers to the time (1 h), 

FE(NH4
+) stands for the Faraday efficiency of ammonia production (%), and Q denotes the quantity of electric 

charge. 

The detection of NO2
--N yields: Detection of NO2

--N by colorimetric method. 0.1 g of N-(1-naphthyl)-

ethylenediamine hydrochloride, 1.0 g of sulfonamide and 2.94 mL of phosphoric acid were dissolved in 50 mL 

of deionized water to form Griess color developer. Six standard solutions were prepared in 0.1 M KOH solution 

at 0.4 mg/L, 0.8 mg/L, 1 mg/L, 1.6 mg/L, 3.2 mg/L, 6.4 mg/L and 6.4 mg/L of NaNO2 solution. 1 mL of 

gradients of standard solutions was added to 2 mL of water with 1 mL of Griess colorant. After standing for 1 

hour, the absorbance value at 540 nm was recorded on the ultraviolet spectrophotometer, and the standard curve 

was drawn according to the relationship between absorbance and NO2
--N solution concentration (Figure S1 b). 

r(NO2
-
) =

C(NO2
-
)×V

t×mcat.

(3) 

FE(NO2
-
) =

2×96500×m(NO2
-
)

46×Q
(4) 

Here, r(NO2
-) denotes the rate of ammonia production (mg h−1 mgcat.

−1), c(NO2
-) represents the 

concentration of ammonia produced (mg/L), V represents the volume (75 mL), t refers to the time (1 h), 

FE(NO2
-) stands for the Faraday efficiency of ammonia production (%), and Q denotes the quantity of electric 

charge. 

 

2.5 Theoretical Methods 

In this study, we employed Density Functional Theory (DFT) within the Vienna Ab-initio Simulation 

Package (VASP)[49, 50]. The generalized gradient approximation in the form of Perdew-Burke-Ernzerhof 

functional[51] was utilized with Grimme's D3 correction method[52] to account for van der Waals interactions. 

The projector augmented wave (PAW)[53] method with a kinetic energy cut-off of 450 eV was used. The first 

Brillouin zone was sampled by 5 × 5 × 1 k-points utilizing the Monkhorst–Pack scheme[54]. The slab model 

composed of 6 atomic layers of Co2B (001) with a vacuum space of at least 15 Å was incorporated to prevent 



artificial interactions between neighboring images along the c direction. The energies of HNO3, H2O, and 

H2 were computed in a 20 × 20 × 20 Å3 unit cell with 1 × 1 × 1 k-point sampling.  

Convergence criteria were set at 5×10-7 eV/Å for interatomic forces and 10-8 eV for electronic iterations. 

The atomic structures were visualized using the Visualization for Electronic and Structural Analysis (VESTA) 

software[55]. PHONOPY code was used to calculate thermodynamic properties[56].  

All calculations were carried out within a gas-phase model, considering HNO3 as a reference that is widely 

used in literature: Cu0 + HNO3 = Cu-NO3 + H+ + e-, where H+ + e- = ½H2. Subsequent steps involved the 

reduction of NO3
- to NH3 through the stepwise attachment of eight (H+ + e-) species and the elimination of three 

H2O molecules in total. Therefore, the final chemical reaction can be expressed as: HNO3 + 8(H+ + e-) = NH3 

+ 3H2O, 

Gibbs free-energy diagrams were estimated at zero potential (U = 0) and a temperature of 300 K using the 

equation: ∆G = ∆E + ∆ZPE - T∆S, where ∆E represents the difference in the total energy of product and reagents, 

while ∆ZPE and ∆S are the differences in zero-point energy and entropy. 

 

3. Results and discussion 

3.1 Characterization of Co2B/BCN 

To understand the structural characteristics of the as-prepared materials, their microstructure 

characteristics were further investigated. Figure 1(a) and Figure 1 (b) displayed the scanning electron 

microscope (SEM) images of Co-p. The low magnification images show that the material forms an irregular 

heterojunction structure. This irregularity may be attributed to the material’s tendency to agglomerate during 

the sintering process at elevated temperatures. Moreover, metal nanoparticles appear in the SEM images, 

suggesting that the prepared nanoparticles are either small in size or encapsulated by the C-layer.  

High-resolution transmission electron microscopy (HR-TEM) was used to evaluate the distribution and 

size of metal nanoparticles more accurately. Figure 1(c) shows the HR-TEM images and particle size 

distribution of Co-p electrode materials. It was observed that the prepared metal nanoparticles were uniformly 

dispersed with an average particle size of 20.62 nm. Figure 1(d) and Figure 1(e) show that the lattice spacing 

of the Co-p nanoparticles is 0.20 nm, which corresponds to the characteristic diffraction peak of Co2B (200), 

indicating that most of the Co nanoparticles are Co2B. Additionally, a layer appears with a lattice stripe spacing 

of 0.236 nm, corresponding to the (002) crystallographic plane of Co2B. These results demonstrate that the 

special metal boride (Co2B) forms during pyrolysis due to the interaction of boron clusters with Co2+. The high-

angle annular dark-field scanning transmission electron microscopy (HAADF-STEM) image (Figure 1 (f)) 

revealed that Co2B nanoparticles were encapsulated in C- heterojunctions with a relatively dispersed 

distribution, illustrating that the C- layer serves as a carrier to provide sufficient metal active sites for the 

catalytic reaction. Energy-dispersive spectroscopy (EDS) demonstrated that element Co is uniformly distributed 

in the C- layer, which further confirmed the localized distribution of elemental Co, B, C and N in these structures 

(Figure 1 (g)-(k)). 



 

Figure 1. Typical SEM images of Co2B/BCN (a), (b); HR-TEM images of Co2B/BCN (c)-(e); HAADF-STEM 

image of Co2B/BCN (f); and representative C, N, Co, B elemental mapping of (g), (h), (i), (j) and (k). 

 

Few characterization techniques were applied to further investigate the structural information of the 

synthesized electrode materials. Figure 2 (a) shows the Fourier transform infrared (FT-IR) spectra of the Co-p 

before and after pyrolysis. The characteristic peaks observed in the precursor p-Co-p are similar to those in the 

raw material TBA2[B12H12], with the corresponding telescopic vibrational peaks attributed to the B-H bond of 

the boron cluster, the in-plane telescopic vibrational peaks of the B-N bond and the telescopic vibrational peaks 



of the B-B bond in the B12 backbone[42] appearing near 2500 cm-1, 1370 cm-1 and 1071 cm-1, respectively. In 

contrast, compared with TBA2[B12H12], the peaks of p-Co-p near 1378 cm-1 were slightly blueshifted as a result 

of the broadening of the energy band due to the coordination of metal Co2+.  

Compared with the TBA2[B12H12] and the p-Co-p, the characteristic peak of the stretching vibration 

attributed to the B-H bond near 2500 cm-1 vanishes from the calcined Co-p as well as the characteristic peak of 

the B-B stretching vibration near 1071 cm-1. This modification generates a new C- substrate after the collapse 

of the closed cage structure inherent in the B cluster.  

Given that no characteristic peaks of metals appear in the FTIR spectra, we used powder X-ray diffraction 

(PRXD) to further characterize the synthesized electrode materials. Figure 2 (b) shows that in addition to the 

diffraction peaks of TBA2[B12H12] in the low-angle range 2θ=10-25°, p-Co-p exhibits a series of characteristic 

peaks attributed to the metal in the range of 2θ=30-50°, suggesting that TBA2[B12H12] was coordinated to Co2+. 

After thermal treatment, the diffraction peaks of Co-p in the range of 2θ=0-20° disappear and new metal 

diffraction peaks emerge, which indicates that the boron clusters have decomposed. The result is consistent with 

the FTIR results. The diffraction peaks of Co-p at 2θ = 25.13°, 27.65°, 35.84°, 42.91°, 45.87°, 57.11°, 58.23°, 

and 69.29° correspond to the (110), (101), (200), (002), (211), (202), (310), and (222), respectively. These 

results are in consistent with those obtained from the Co2B standard card (PDF#75-1063), indicating that the 

Co in Co-p is in the form of Co2B nanoparticles.  

X-ray photoelectron spectroscopy (XPS) was used to further characterize the valence and coordination of 

different elements. The XPS spectra revealed that the 2p3/2 and 2p1/2 characteristic peaks of Co were located 

near 779.3 eV and 799.8 eV, respectively (Figure 2 (c)), which is consistent with the published results for 

Co2B[57]. In addition to the B–N and B–C bonds, the fine spectrum of B 1s of Co-p (Figure 1 (d)) show a B-

Co bond with a binding energy of 189.3 eV[58], which is blueshifted with respect to the binding energy of pure 

boron powder (187.2 eV)). This phenomenon demonstrates that the local electrons on B transfer to Co, resulting 

in a weakening of its shielding effect and an increase in binding energy. The local electron transfer could 

accumulate the electrons on Co and enhances its adsorption capacity to adsorb NO3
-, improving the 

electrocatalytic performance. The characteristic peaks of N 1s in Co-p are located at 397.5 eV, 399.8 eV, and 

401.8 eV and are attributed to N-B, respectively, Pyridnic N and Pyrrodic N, respectively (Figure S2 (a)), and 

the fine spectra of C1s show that C-B (282.4 eV), sp2-C (284.7 eV), C-N (286.3 eV), and C-O (287.4 eV), 

respectively (Figure S2 (b)). As shown in Figure 2 (e), the Co K-edge X-ray absorption near-edge spectroscopy 

(XANES) of Co-p and several reference samples (Co3O4, CoO and Co-foil), which reveal that Co in Co/BNC 

has a valence of +2, which is analogous to the near-edge absorption energy of the reference sample CoO. The 

Fourier transform extended X-ray absorption fine structure (EXAFS) spectra of Co-p (Figure 2 (f)) show Co 

ligands and peaks at 1.539 and 2.631 Å attributed to the Co-B and Co-B-Co bonds, which were significantly 

different from the reference samples Co3O4, CoO and Co foil.  Wavelet transform (WT) analysis of these 

samples were performed (Figure 2 (g)-(j)) to further confirms these results. The intensity near 6.66 Å−1 in Co-

p arises from the Co–B bond, whereas that around 11.96 Å−1 arises from the Co–B-Co bond (Figure 2 (j)). 



 

Figure 2. FT-IR spectra of TBA2[B12H12], p-Co2B/BCN and Co2B/BCN (a); PXRD spectra of TBA2[B12H12], 

p-Co2B/BCN and Co2B/BCN (b); XPS spectra of Co (c); XPS spectra of B (d); Co K-edge XANES spectra (e); 

EXAFS spectra (f), and WT profiles of Co3O4 (g), CoO (h), Co-foil (i) and Co2B/BCN (j). 

 

3.2 Electrocatalytic reduction of nitrate to ammonium by Co2B/BCN 

 The electrochemical performance of Co-p was investigated in detail. As shown in Figure 3 (a), the results 

indicate that the current densities of the four electrode materials increase greatly compared with those without 

NO3
- addition, suggesting that these materials are active for the electrochemical reduction of NO3

-. Moreover, 

the current densities are not high prior to adding NO3
-, illustrating that the hydrogen evolution reaction (HER) 

is inactive. Co-p has the largest difference in current density difference, which reaches 45 mA/cm2, and the 

current density increases considerably upon adding NO3
-, driving the current density to -75.2 mA/cm2 at -1.0 V 

vs. RHE. Thus, Co-p offers superior electrocatalytic activity for nitrate reduction.  

Subsequently, Co-p was applied for constant potential polarization at -0.4 V vs RHE, -0.5 V vs RHE, -0.6 

V vs RHE, -0.7 V vs RHE, -0.8 V vs RHE for 1h. The results show that the current density-time (i-t) curves at 

different constant potentials are all independent of time, indicating that the Co-p is stable (Figure S3). However, 

the i-t curves reveal a small jagged protrusion as the potential increases above -0.6 V vs. RHE, indicating that 

the electron transfer rate is too fast at high potentials, which leads to greater OH- and more corrosion of the 

electrode materials. Furthermore, Figure 3(b) shows that the NH4
+ yields of Co-p at potentials ranging from -

0.4 V vs. RHE to -0.8 V vs. RHE are 4.82 mg h-1 mgcat.
-1, 5.73 mg h-1 mgcat.

-1, 14.13 mg h-1 mgcat.
-1, 15.51 mg h-



1 mgcat.
-1 and 22.54 mg h-1 mgcat.

-1, respectively. The corresponding NH4
+ Faraday efficiencies are 83.44%, 

96.61%, 90.14%, 93.47%, and 95.32%, respectively, with Co-p recording the highest Faraday efficiency of 

96.61% at a potential of -0.5 V vs. RHE, and the ammonia production rate reaches a maximum of 22.54 mg h-

1 mgcat.
-1 at a potential of -0.8 V vs. RHE.  

The optimum potential for NH4
+ selectivity, effective electron utilization, and energy consumption is 

preferred to be -0.5 vs RHE (Figure 3 (c)). During NO3RR, nitrate is reduced to NH4
+ through a complex 

process involving 8 electrons and 10 protons. NO3
- → NO2

- is the main obstacle for effectively removing nitrate 

from water (i.e., this reaction controls the overall nitrate reduction kinetics). The yield of NO2
- rises with 

increasing potential, with Co-p reaching a maximum yield of 7.19 mg h-1 mgcat.
-1 at -0.7 V vs. RHE, 

accompanied by the maximum Faraday efficiency of NO2
- (Figure S4). Excessive NO2

- will occupy the Hads, 

resulting in the inability to continue the reduction to NH4
+.  

Thus, the optimal potential is to be -0.5 vs. RHE based on NH4
+, effective electron utilization, and energy 

consumption. Compared to commercial materials, Co-p has a more stable i-t curve (Figure S5) and the higher 

yield of NH4
+, corresponding to the maximum Faradic efficiency (Figure S6 (a)), while the yield of the by-

product NO2
- is relatively low at -0.5 vs RHE (Figure S6 (b)). Therefore, the as-prepared Co-p is a good 

candidate for NO3RR.  

To further investigate the NO3RR performance, the yields of NH4
+ and NO2

- catalyzed by Co-p at different 

NO3
- concentrations were explored in detail. The constant potential (-0.5 V vs. RHE) polarization curves of Co-

p at NO3
- concentrations of 20 mg/L, 50 mg/L, 100 mg/L, and 200 mg/L reveal that the current density increases 

with increasing NO3
− concentration, while the polarization curves remain constant, illustrating that the 

exceptional stability and corrosion resistance of Co-p (Figure S7 (a)). Figure 3 (c) shows the yield of NH4
+ 

and the corresponding Faraday efficiency for ppm level NO3
- concentration (20, 50, 100 and 200mg/L), with a 

NH4
+ yield of 8.84 mg h-1mgcat.

-1 at a NO3
- concentration of 200 mg/mL, corresponding to a Faraday efficiency 

of nearly 100%. Moreover, the nitrite yield and Faraday efficiency are lower in the concentration range of 20-

200 mg/mL, which demonstrates the lateral selectivity of NH4
+ (Figure S7 (b)). According to Fick's law, the 

nitrate concentration determines the diffusion rate of the solution to the cathode surface. A high nitrate 

concentration increases the number of free catalytic sites on the electrode surface, which determines the reaction 

rate. 



 

Figure 3. Linear Sweep Voltammetry (LSV) curves of Co2B/BCN, Co3O4, CoO and Co3B2 in 0.1M KOH vs. 

0.1M KNO3/0.1M KOH (a); yields of NH4
+ and corresponding faradic efficiencies of Co2B/BCN at -0.4 V vs 

RHE, -0.5 V vs RHE, -0.6 V vs RHE, -0.7 V vs RHE, -0.8 V vs RHE, respectively (b); Faradic efficiency of 

Co2B/BCN as a percentage of each product at different potentials (c); yield of NH4
+ and corresponding faradic 

efficiencies of Co2B/BCN under different nitrate concentrations at -0.5 V vs. RHE potentials (d); NH4
+ yield 

under KOH and KOH/KNO3 as electrolyte (e); 1H NMR spectrum in the electrolyte after constant potential 

polarization with K14NO3 and K15NO3 as N sources (f).  

Co-p selectively improves the nitrate surface rather than the symbiotic anions, maximizing the electrode 

surface area and further enhancing the NO3RR catalytic effect (Figure S 7(c)). Figures 3 (e) and 3(f) suggest 

that the NH4
+ generated by Co-p in the electrolytic reduction process is all sourced from NO3

-. When K14NO3 

is used as the N source, three chemical shifts appeared on the 1H NMR spectrum, with the same peak intensity 

and spacing (52 Hz), indicating that the peaks are typical of 14NH4
+. In contrast, only two chemical shifts appear 

on the 1H NMR spectrum when the N source is K15NO3, with consistent peak intensities and spacings of 73 Hz, 

indicating that these are the characteristic peaks of 15NH4
+. The nitrogen isotope (15 N) further demonstrates 

that all the N in NH4
+ originates from KNO3.  



 

Figure 4. NH4
+ yields and Faradic efficiencies of Co2B/BCN reused 6 times at -0.5 V vs. RHE potentials (a); 

NH4
+ yields and faradic efficiency for Co2B/BCN electrolyzed continuously for 15h at -0.5 V vs. RHE potential 

(b), and corresponding to constant potential polarization curves (c); and comparison of NO3RR performance 

(d). 

 

Owing to the effective coating of the C-layer, Co-p has better cycling stability. Under the same conditions, 

the yields of NH4
+ catalyzed by Co-p are maintained at ~6.0 mg h−1 mgcat.

−1 for six cycles, and the Faradic 

efficiencies all exceed 90%, representing excellent cycle stability (Figure 4 (a)). The PXRD spectra of Co-p 

before and after cycling indicate that the catalyst maintains a relatively well-defined crystalline shape after six 

cycles, which suggests that the catalyst is relatively stable (Figure S8). Moreover, after 15 h of continuous 

operation at −0.5 V vs. RHE, the current density remains almost constant near −10 mA/cm2 and the ammonia-

production rate is 5.90 mg h−1 mgcat.
−1, which is comparable to that of 1 h of electrolysis (Figure 4 (b) and 4 

(c)). This illustrates that Co-p can maintain a high activity during NO3RR for a long time, which provides a 

theoretical basis for its application in industry. As shown in Figure 4(d), as-prepared Co-p has a moderate-to-

high catalytic effect in the current field of efficient NO3RR reactions[59-77] (the ammonia production rates in 

the table are normalized). Ammonia production rates in the table are normalized). 

3.3 Density Functional Theory 

To gain a deeper insight into the catalytic performance of Co2B nanoparticles integrated into the BCN 

matrix, we conducted density functional theory (DFT) calculations to assess the free energy diagram. The 

observed Co2B nanoparticles demonstrate on-top (002) planes, as determined by TEM.  Since there are two 

possible surfaces: Co-terminated and B-terminated, we studied the conversion of NO3
– to NH3 on both. Hence, 

we designed a Co2B (002) surface composed of six atomic layers. Among several possible positions, we 



identified the most stable adsorption configurations and employed them to construct a free energy diagram (see 

Figure 5). For the pristine Co2B (002) surfaces, our calculations revealed a NO3
– adsorption energy of -1.34 

and 1.17 eV for Co- and B-terminated surfaces respectively. Therefore, Co2B provides a strong fixation of the 

species.  

Our findings indicate that the subsequent reduction of NO3
– to NO2 and further to N is an energetically 

favorable process, requiring no additional energy input, along with the subsequent attachment of hydrogen. 

However, due to the stronger fixation of intermediates on the Co-terminated surface, there is a limiting step of 

NH2 formation which can be overcome by the energy generated during the reaction. The desorption energy in 

for Co-terminated surface is ~0.27 eV lower as compared to the B-terminated one and equals 1.35 eV. The large 

desorption energy can be explained by the rather strong binding of intermediates on the surface. However, it's 

worth noting that nitrate in water may involve an increase in energy and would require further estimation. 

Nevertheless, our simulation results demonstrate that the Co-terminated surface of Co2B can more effectively 

catalyze the initial nitrate reduction step to form nitrite and provide greater ease of desorption of NH3 compared 

to the B-terminated surface. In summary, the introduction of element B synergizes with element Co to enhance 

NO3RR. 

Earlier studies have shown that the addition of BCN can enhance NO3RR by alleviating the limiting 

step due to charge transfer. However, due to the amorphous nature of BCN in the present study, our theoretical 

simulations are limited to the explanation effect of Co2B. We also believe that BCN can significantly improve 

the efficiency of the nitrate reduction reaction by reducing the size of catalytic centers, which can play a 

significant role in enhancing NOx decomposition and increasing a greater number of available active sites. 

Therefore, small and evenly distributed Co2B nanoparticles within the BCN matrix provides a substantial active 

surface area and promotes the catalytic process.  

 



Figure 5. Free-energy diagram of NO3
− reduction to NH3 on the Co2B (002) surface. The optimized geometries 

of intermediates are shown in the upper and bottom panels for Co- and B-terminated surfaces respectively. 

Oxygen, cobalt, boron, nitrogen and hydrogen are in red, dark blue, green, light purple and beige respectively. 

 

4. Conclusion 

 Co2B/BCN with high crystallinity was prepared by complexing boron clusters (TBA2[B12H12]) with cobalt 

chloride hexahydrate (CoCl2·6H2O) and calcination. Co2B/BCN exhibited excellent cyclic and long-time 

stability, and the ammonia production rate and Faraday efficiency of electrolysis remain constant over 6 cycles 

and 15 h. This can be attributed to the fact that the Co2B/BCN is a good candidate for NO3RR. DFT calculations 

show that the introduction of B increases the catalytic active site, both Co and B surfaces adsorb NO3
-, and the 

further reduction to N is energetically spontaneous. The synergistic effect of the two elements (Co, B) improves 

the catalytic effect the Co-terminated surface of Co2B can more effectively catalyze the initial nitrate reduction 

step to form nitrite and provide greater ease of desorption of NH3 compared to the B-terminated surface. The 

introduction of element B synergizes with element Co to enhance NO3RR. 
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