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Abstract 

Electrochemical ammonia synthesis is a promising alternative technique to traditional Haber-

Bosch process, capable of converting nitrogen to ammonia at ambient conditions and can be 

driven by intermittent energy. However, it generally requires high overpotential for nitrogen 

dissociation due to the stable triple bonds of nitrogen molecules, resulting in a poor ammonia 

yield rate. Tailoring the electrolyte-ion composition is a promising approach to facilitate 

nitrogen dissociation by optimizing the local reaction environment near the electrode toward 

ammonia production. In this study, the effect of anions in the electrolyte composition on 

electrocatalytic nitrogen reduction to ammonia is investigated. It is found that a lower onset 

potential for nitrogen reduction (-0.2 V vs. RHE) and a higher ammonia yield rate (6.69×10-11 

mol cm-2 s-1) are achieved in the electrolyte containing OH- anions, compared to singly charged 

anions of Cl- and SCN-
 when using an electrode made of commercial Au/C electrocatalysts. In 

addition, current density contributed by nitrogen reduction achieved in the high-pH electrolyte 

(pH≥13) shows around three-fold increase compared to that in low-pH electrolyte (11≤pH≤12). 

Such performance enhancement is possibly attributed to the appearance of hydronium ions 

(H3O
+) in high-pH electrolyte, which facilitates nitrogen dissociation by strengthening 

protonation (*N2 + 6H3O
+ + 6e- → * + 2NH3·H2O + 4H2O). 
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1. Introduction 

Ammonia, a globally essential chemical, has broad applications for synthesizing fertilizers and 

drugs1,2 and can serve as a transportation fuel to generate electricity. It is generally produced 

by Haber-Bosch method2 in industry, which converts atmospheric nitrogen and hydrogen to 

ammonia using a metal-based catalyst under extremely high temperature (500 - 600 oC) and 

pressure (300 - 400 atm).3 To reach such harsh reaction condition, it consumes massive energy, 

about 1 % global fossil fuels annually. The consumption of fossil fuels leads to energy crisis 

and environmental burdens due to CO2 mission. In response to these issues, electrochemical 

nitrogen reduction provides a promising alternative approach for ammonia synthesis. It is 

capable of converting nitrogen and water to ammonia and oxygen in aqueous solution under 

ambient condition, which can be driven by the intermittent electrical energy.4 Normally, this 

electrochemical process is conducted in an electrochemical cell, which contains a cathode for 

nitrogen reduction, an anode for water oxidation and a membrane for ion transfer. Although 

promises, the ammonia yield rate (< 3.0 × 10-10 mol cm-2 s-1) and Faradaic efficiency (< 20 %) 

for electrochemical ammonia synthesis via nitrogen reduction are still poor, far away from the 

targets proposed by U.S. Department of Energy, reaching an ammonia yield rate above 1.0 × 

10-6 mol cm-2 s-1 and a Faradaic efficiency above 90 %.5  

Extensive efforts have been made to advance the electrochemical ammonia synthesis (N2 + 

3H2O → 2NH3 + 3/2O2).
6–14 Water splitting is a key step to provide hydrogen for nitrogen 

protonation (*N2 + 6H+ + 6e- →* + 2NH3). Yan et al.15 prepared VOx with high concentration 

of oxygen vacancies, which promotes the water splitting and reduces the activation energy for 

nitrogen reduction. However, the poor selectivity of ammonia production via electrocatalytic 

nitrogen reduction still limits the industrialization potential. The poor selectivity is attributed 

to the fierce hydrogen evolution (2H2O + 2e- → H2 + 2OH-), which is highly competitive with 

the nitrogen reduction.16 In view of this, Au has been demonstrated as a promising 
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electrocatalyst for ammonia synthesis with high selectivity, benefiting from its weak side 

reaction of hydrogen evolution.16 Another strategy to suppress the side reaction of hydrogen 

evolution is by controlling the transfer rate of protons via membrane design. Shen et al.17 

reported that the Faradaic efficiency of ammonia production can be regulated by tuning the 

pore numbers of polypropylene membrane. The pore numbers of membrane have a decisive 

effect on the transfer rate of protons, which are key reactants for nitrogen protonation, thus 

regulating the Faradaic efficiency of ammonia production. Resultantly, a high Faradaic 

efficiency of 41.86 % can be achieved when using a membrane with a pore area of 7.85 × 10-5 

cm2 in an H-type cell. Additionally, electrolyte also plays a critical role in determining the 

reaction environment of the electrode, thereby influencing the ammonia production 

performance.3,18–23 For example, electrolyte counter-ion composition plays a key role in 

affecting the local reaction environment. Yan et al.24 reported a strategy to greatly improve the 

selectivity of ammonia production by using electrolytes containing K+ cations. Compared to 

other cations including Li+, Na+ and Cs+, K+ can regulate proton transfer from the bulk solution 

to the catalyst surface and promote proton-coupled electron transfer process by stabilizing the 

key intermediates, thus boosting the ammonia yield rate and selectivity. Although promises, 

the demand of water splitting for providing hydrogen often leads to sluggish protonation step 

(*N2 + 8H2O + 6e- → * + 2NH3·H2O + 6OH-), thus causing a poor ammonia yield rate.20 

In this work, nitrogen will react with H3O
+ cations for ammonia production (N2 + 6H3O

+ + 6e- 

→ 2NH3·H2O + 4H2O) in alkaline media. The presence of H3O
+ cations promotes the nitrogen 

protonation, avoiding the sluggish water splitting process. A home-made dual-layer electrode 

is prepared by spraying the commercial Au/C nanoparticles on carbon cloth, serving as the 

working electrode for nitrogen reduction to ammonia in a H-type cell. The reason we choose 

Au/C nanoparticles as the electrocatalyst is due to their commercial avialblity, superior 

ammonia production performance and long-term stability.25 The effect of the anion in the 
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electrolyte on the nitrogen reduction is firstly investigated. Since the charge number of anions 

has a major impact on nitrogen reduction,26 OH-, Cl- and SCN- anions with one negative charge 

are selected. It is found that an ammonia yield rate is greatly boosted (6.69×10-11 mol cm-2 s-1) 

with OH- anions, compared to the anions of Cl- (1.88×10-11 mol cm-2 s-1) and SCN- (1.14×10-

11 mol cm-2 s-1). The performance enhancement in the electrolyte containing the OH- anions is 

possibly attributed to the appearance of hydronium ions (H3O
+), which facilitates the 

dissociation of N2 by strengthening protonation (*N2 + 6H3O
+ + 6e- → * + 2NH3·H2O + 4H2O). 

The appearance of H3O
+ intermediates is induced by the presence of highly concentrated OH- 

anions in the electrolyte (pH≥13), creating a unique acid-like local reaction environment.27 

While pH≤12, the protonation can be triggered only by water splitting (*N2 + 6H2O + 6e- → * 

+ 2NH3 + 6OH-), which is kinetically sluggish and requires a large overpotential.28 To further 

confirm this result, nitrogen reduction properties on the as-prepared electrode are investigated 

in the electrolytes containing different types of anions (1.0 M). For OH- anions, an onset 

potential of -0.20 V for nitrogen reduction is required, more positive than that of Cl- (-0.45 V) 

and SCN- (-0.65 V). In addition, current densities contributed by nitrogen reduction reaction 

(jNRR) are recorded in the electrolytes containing OH- anions (11≤pH≤14) at an applied current 

or potential. It is found that jNRR achieved by containing highly concentrated OH- anions 

(pH≥13) shows around three-fold increase compared to those containing dilute OH- anions 

(11≤pH≤12). This indicates that the appearance of H3O
+ cations facilitates the nitrogen 

reduction. Last, such an enhancement is also observed on another electrode prepared by 

spraying the commercial Pd/C nanoparticles on carbon cloth. In the electrolyte containing 1.0 

M OH- anions, an ammonia yield rate of 3.23×10-11 mol cm-2 s-1 is achieved, much higher than 

those achieved by containing Cl- (1.26×10-11 mol cm-2 s-1) or SCN- anions (0.82×10-11 mol cm-

2 s-1). Therefore, it is concluded that the appearance of H3O
+ cations rendered by highly 

concentrated OH- anions lowers the energy barrier for nitrogen reduction and promotes the 
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ammonia production performance. This work provides insights on nitrogen protonation step by 

H3O
+ cations, which may guide the future electrolyte designs for efficient ammonia synthesis. 

2. Experimental sections 

2.1 Pretreatment of materials and electrode preparation 

The effect of electrolyte anions on nitrogen reduction properties was investigated in an H-type 

cell by constructing a three-electrode system. The cathode, i.e., the working electrode for 

electrocatalytic nitrogen reduction, was prepared by spraying the ink made of commercial Au/C 

catalyst (Figure S1) onto a strip of carbon cloth (HESEN, Shanghai).The catalyst ink was 

prepared by mixing 60 wt. % Au/C (Premetek Co., USA) with 5 wt. % Nafion. The mixture 

was well dispersed in absolute ethanol by ultrasonication for at least 30 min. Then, the catalyst 

ink was sprayed onto the carbon cloth and dried, with a mass loading of 1.6 mgAu cm-2 and a 

geometric active surface area of 1.0 × 1.0 cm2. The Pd/C catalyst ink was also prepared by 

mixing 10 wt. % Pd/C with 5 wt. % Nafion, followed by spraying onto the carbon cloth, with 

a mass loading of 1.2 mgPd cm-2. Graphite rod was used as the anode for oxygen evolution 

reaction and Ag/AgCl electrode was used as the reference electrode for accurately measuring 

the potential of the cathode. Nafion 115 membrane with a thickness of 125 μm was used to 

separate anode and cathode chamber. It was pretreated by boiled in 1.0 M KOH for 2 hours, 

followed by boiled in deionized water for 2 hours. The electrolyte in each chamber was kept at 

100.0 mL. 

2.2 Electrochemical measurements 

All potentials were converted to reversible hydrogen electrode (RHE) by the following 

equations29:  

              𝐸𝑅𝐻𝐸 = 𝐸𝐴𝑔/𝐴𝑔𝐶𝑙 + 0.059pH + 0.197                 (1) 

During cell operation, the cathodic reaction can be expressed20: 
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N2 + 8H2O + 6e – → 2NH3·H2O + 6OH-    Ec = 0.092 V vs. RHE   (2) 

The anodic reaction is the oxygen evolution reaction30: 

6OH- → 3H2O + 6e- + 3/2O2         Ea = 1.23 V vs. RHE    (3) 

Hence, the overall reaction can be expressed:  

N2 + 5H2O → 2NH3·H2O + 3/2O2           E
0 = 1.138 V vs. RHE   (4) 

At cathode inlet, an acid trap containing 0.05 M H2SO4 was used to remove the ammonia 

impurity from the N2 gas source (99.995 vol. %). In addition, an alkaline trap containing 0.05 

M NaOH was also added at cathode inlet to remove the NOx impurity from the N2 gas source. 

The NOx impurity can be easily transformed to NO2
- by the following reaction:   

N2O3 + H2O(l) → HNO2(aq)                      (5) 

HNO2(g) + H2O(l) → HNO2(aq) + H2O(l)                (6) 

2NO2(g) + H2O(l) → HNO2(aq) + HNO3(aq)               (7) 

N2O4(g) + H2O(l) → HNO2(aq) + HNO3(aq)               (8) 

And NO2
- can be much more easily reduced to ammonia or hydrazine compared to nitrogen, 

resulting in inaccurate quantification of ammonia production arising from nitrogen reduction.22 

At cathode outlet, a liquid seal was used to protect the ammonia contamination from the air. 

Electrochemical measurements were conducted by using Multi-Autolab electrochemical 

workstation (M204, Switzerland). 0.1 M potassium phosphate buffer (pH = 7.0) was prepared 

by mixing 61.5 mL K2HPO4 (1.0 M) and 38.5 mL KH2PO4 (1.0 M). KCl, KSCN and KOH 

electrolytes with a concentration of 1.0 M were prepared for investigating the anion effect on 

nitrogen reduction. Before cell construction, all components of the H-type cell were carefully 

washed by deionized water to remove the adsorbed ammonia or NOx gases from the air. Before 

cell operation, N2 or Ar gas was bubbled into the cathode chamber for 30 min to exhaust the 

residual air. During cell operation, the gas flow rate was kept at 20.0 sccm, which is controlled 

by a gas flowmeter. Additionally, the electrolyte in cathode chamber was stirred with a rate of 
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200 r min-1 to make dissolved nitrogen gas well dispersed. After cell operation, the solution in 

the cathode chamber was collected and mixed with colorimetric agent for ammonia detection. 

As for the cyclic test, the cathode was taken out after test and washed carefully using dilute 

sulfuric acid (0.001 M) and deionized water to remove the adsorbed ammonia on the cathode.  

2.3 Detection and quantification of ammonia 

The detection and quantification of ammonia in KCl and KSCN electrolyte were achieved by 

using Nessler’s method.2 The chromogenic solution was prepared by mixing 2.0 mL test 

solution, 0.2 mL potassium sodium tartrate (0.2 M) and 0.2 mL Nessler’s reagent, in which 

sodium tartrate serve as the stabilizer for the chromogenic reaction: 

NH4
+ + 4OH− + 2[HgI4]

2− → HgO·Hg(NH2)I↓+ 7I− + 3H2O      (9) 

The mixed solution was stirred and rested for 20 min before the measurement of absorbance. 

The color development of the test solution was measured by recording the adsorption intensity 

at 420 nm using UV-Vis double beam spectrophotometer (DB-20, Australia). The detection and 

quantification of ammonia in KOH electrolyte were achieved by the indophenol blue 

method.31–34 For the preparation of chromogenic agent, 1.0 mL solution containing 1.0 M 

NaOH, salicylic acid (3.0 wt. %) and sodium citrate (3.0 wt. %) was mixed with 0.5 mL sodium 

hypochlorite solution (5.0 wt. %) and 0.1 mL sodium nitroferricyanide dihydrate (1.0 wt. %). 

Then, 1.0 mL test solution was further added and rested for 2 hours for color development. The 

intensity of absorbance peak was measured at around 652 nm. As for the measurement of 

standard adsorption curves of different electrolytes, ammonia chloride electrolyte with certain 

concentrations (0.03125, 0.0625, 0.125, 0.25, 0.5, and 1.0 mg/L) was prepared and mixed with 

chromogenic agents for adsorption tests.  

3. Results and discussion 

An H-type cell containing a three-electrode system is constructed for the evaluation of nitrogen 

reduction properties and ammonia production performance, as shown in Figure S2. Nitrogen 
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reduction will take place in two-phase boundaries (interface between solid electrode and liquid 

electrolyte). In this work, the ammonia production is conducted in an H-type cell, in which the 

cathode for nitrogen reduction is completely immersed in the liquid electrolyte. The gaseous 

nitrogen will be first dissolved into the electrolyte via bubbling and then diffuse to the electrode 

surface for nitrogen reduction. To reveal the voltage window for nitrogen reduction, linear scan 

voltammetry (LSV) curves are measured in electrolytes saturated with Ar or N2 gas. An 

additional current is observed in the N2-saturated electrolyte when negatively scanning the 

applied potential from 0.0 V to -1.0 V, as shown in Figure 1. The current densities recorded in 

Ar-saturated electrolytes are contributed by the hydrogen evolution, which will occur when the 

applied potential is below thermodynamic equilibrium potential for hydrogen evolution (0.0 V 

vs. RHE). As for the current densities recorded in N2-saturated electrolytes, it is contributed by 

the hydrogen evolution and nitrogen reduction, which will also occur when the applied 

potential is below the thermodynamic equilibrium potential of nitrogen reduction (0.092 V vs. 

RHE). Hence, the additional current in N2-saturated electrolytes is contributed by the nitrogen 

reduction, thus enabling the identification of the voltage window for nitrogen reduction. First , 

the cell is operated in different electrolytes (KOH, KCl and KSCN) with a concentration of 1.0 

M. It is found that the onset potential of -0.20 V for nitrogen reduction in the KOH electrolyte 

is observed (Figure 1a), much more positive than that in the KCl electrolyte (-0.45 V) and 

KSCN electrolyte (-0.65 V). Meanwhile, the current densities in the KOH electrolyte 

contributed by hydrogen evolution are significantly larger than those in the KCl electrolyte or 

KSCN electrolyte, indicating that the hydrogen evolution is also enhanced with the presence 

of OH- anions. This is attributed to the anomalous hydrogen evolution behavior in high-pH 

environment, in which the generation of hydronium ions leads to an enhancement of hydrogen 

evolution.27 The current density contributed by nitrogen reduction, i.e., jNRR, is an important 
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indicator for the evaluation of nitrogen reduction capabilities, which can be calculated by the 

following equation:  

𝑗𝑁𝑅𝑅 = 𝑗𝑇(𝐴𝑟) − 𝑗𝑇(𝑁2)                    (10) 

Where jT (Ar) represents the total current density recorded in Ar-saturated electrolytes, jT (N2) 

represents the total current density recorded in N2-saturated electrolytes. As shown in Figure 

1b, jNRR in the KOH electrolyte reaches a maximum value of 1.82 mA cm-2 at -0.55 V vs. RHE, 

much higher than those in the KCl electrolyte (0.21 mA cm-2) or in the KSCN electrolyte (0 

mA cm-2). In addition, reaching the maximum jNRR requires a more negative potential in the 

KCl electrolyte (-0.70 V) or in the KSCN electrolyte (-0.80 V). These results confirm the 

excellent nitrogen reduction properties in the KOH electrolyte. The effect of anion type is 

further investigated by controlling pH in 0.1 M potassium phosphate buffer (pH = 7.0), as 

shown in Figures 1c-e. KOH, KCl and KSCN with a concentration of 0.01 M were individually 

added into the buffer, and the pH of each electrolyte maintains at 7.0. It was found that the 

onset potentials for nitrogen reduction with the presence of different anions are very close, 

showing an order of SCN- (-0.476 V) < Cl- (-0.474 V) < OH- (-0.470 V), which follows the 

same order as nitrogen reduction in KSCN, KCl and KOH electrolytes (Figure 1a). Hence, the 

performance enhancement in the KOH electrolyte is mainly contributed by the high pH, and 

secondarily contributed by the type of OH- anions. We believe the enhancement induced by 

high pH is mainly attributed to the generation of H3O
+ cations in alkaline media during cell 

operation,27 which facilitates the dissociation of *N2 by strengthening protonation (*N2 + 

6H3O
+ + 6e- → * + 2NH3·H2O + 4H2O). With a large amount of OH- anions, water splitting 

will be promoted due to the enhanced OH- adsorption on the surface of the electrode. This leads 

to the generation of a large amount of *H via water splitting in alkaline electrolyte (H2O + e- 

→ *H + OH-). The surface of the electrode within the electric double layer (EDL) will be soon 
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covered with *H in the form of underpotential deposition of hydrogen (Hupd) due to the strong 

binding effect between the Hupd and Au, as shown in Figure 2a. As water splitting proceeds, 

more and more *H start to combine with water molecules due to the limited active sites for 

Hupd on the surface of the electrode, forming free H3O
+ cations within the EDL (Figure 2b). The 

other dissociation product (OH-) will directly desorb out of the EDL by forming a hydroxyl-

water-alkali metal cation adduct, i.e., OH*-(H2O)n-K
+, and diffuse into the bulk solution. Hence, 

a large amount of H3O
+ cations will be present within the EDL, without reacting with the OH- 

anions. These free H3O
+ cations will serve as the reactants for dissociation of *N2, which is 

previously adsorbed on the surface of the electrode (* + N2 → *N2). The supply of H3O
+ cations 

within the EDL facilitates the protonation step (*N2 + 6H3O
+ + 6e- → * + 2NH3·H2O + 4H2O), 

forming ammonia hydrate and releasing water molecules, thus improving the ammonia yield 

rate. As for the cell operation in KCl electrolyte or KSCN electrolyte, the presence of low-

concentration OH- anions (10-7 M) results in sluggish water splitting as compared to that in the 

electrolyte containing OH- anions (1.0 M). Therefore, only a small amount of *H will be 

generated within EDL, which will be quickly transferred to Hupd and be strongly bonded at the 

surface of the electrode. These *H will not combine with water molecules, thus generating no 

H3O
+ cations during this process (Figure 2e). As a result, the protonation of *N2 will be only 

triggered by water splitting (*N2 + 6H2O + 6e- → * + 2NH3 + 6OH-), which is more kinetically 

sluggish (Figure 2f).  

To further confirm this result, the ammonia production performance is evaluated in different 

electrolytes by operating the cell at an applied current or potential. The quantification of 

ammonia product is achieved by colorimetric methods, and the standard adsorption curves of 

NH4
+ in the KOH electrolyte (Figure S3), the KCl electrolyte (Figure S4) and the KSCN 

electrolyte (Figure S5) are measured. All curves show good linear fits (R2 ≥ 0.999) between 

the absorbance and ammonia concentrations. The comparison tests are first conducted to 
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eliminate the possible ammonia contamination during the cell operation. It is found that 

adding an acid trap can effectively eliminate the ammonia contamination from the nitrogen 

source, with no observation of UV adsorption peak at 652 nm, which is the characteristic peak 

of ammonia products (Figure S6). In comparison, bubbling nitrogen into the cell without acid 

traps for 2 hours will lead to ammonia contamination, observing a distinct UV adsorption 

peak at 652 nm. In addition, cell operation at open-circuit condition displays no adsorption 

peak at 652 nm, indicating the cell system is well sealed and the cell components are cleaned 

up, without the introduction of ammonia contamination. Cell operation under Ar condition at 

-0.5 V also displays no distinct absorbance peak intensity, in sharp contrast to the cell 

operation under N2 condition with an absorbance intensity of 0.037, confirming that ammonia 

products result from the reduction of introduced N2 gas. Therefore, it is concluded that there 

is no ammonia contamination during cell operation and the quantification of ammonia 

products resulted from electrochemical nitrogen reduction is accurate.  

The ammonia yield rate is calculated by the following equation19:   

                      𝑟𝑁𝐻3 = (𝑛 × 𝑉)/(𝑡 × 𝐴)                        (11) 

Where 𝑟𝑁𝐻3 stands for the ammonia yield rate, n is the ammonia concentration, V represents 

the volume of the electrolyte, t is the reaction time, and A is the geometric area of electrodes 

(2 × 2 cm2) immersed in the electrolyte. 

The Faradaic efficiencies are calculated by the following equation19:  

  𝐹𝐸 (%) = (3𝐹 × 𝑛 × 𝑉)/(𝑀 × 𝑄)                  (12) 

Where n is the ammonia concentration, V stands for the volume of the electrolyte (100.0 mL), 

M is the relative molecular mass of NH3, and Q represents the total charge used during cell 

operation.  
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As shown in Figure 3a, at a current density of -10 mA cm-2, the potential is around -0.30 V in 

the KOH electrolyte, more positive than those of in the KCl electrolyte (-0.71 V) or in the 

KSCN electrolyte (-0.83 V). The resultant ammonia production performance in the KOH 

electrolyte is 9.39 × 10-11 mol cm-2 s-1, higher than in the KCl electrolyte (4.33 × 10-11 mol cm-

2 s-1) or in the KSCN electrolyte (7.02 × 10-11 mol cm-2 s-1), as shown in Figure 3c. This 

indicates that the presence of OH- anions improves the ammonia yield rate and reduces the 

consumption of electric energy. At an applied potential of -0.6 V, cell operation in the KOH 

electrolyte displays much larger current densities around 55.0 mA cm-2 (Figure 3b), as 

compared to that in the KCl electrolyte (~4.27 mA cm-2) and in the KSCN electrolyte (~1.35 

mA cm-2). The resultant ammonia production performance in the KOH electrolyte (6.69 × 10-

11 mol cm-2 s-1) is much more superior than that in the KCl electrolyte (1.88 × 10-11 mol cm-2 s-

1) or in the KSCN electrolyte (1.14 × 10-11 mol cm-2 s-1), as shown in Figure 3d, Figure S7 and 

Figure S8. This further confirms the improvement of the ammonia production performance in 

the electrolyte containing OH- anions, which is attributed to the enhanced protonation by 

reacting with H3O
+ cations.   

The ammonia production capabilities are further investigated by measuring LSV curves in the 

KOH electrolytes with different OH- concentrations, as shown in Figure 4a. It is found that the 

hydrogen evolution in the electrolyte with a higher pH value outperforms that in the electrolyte 

with a lower one, which is also attributed to the presence of H3O
+ cations in high-pH 

environment (pH ≥ 13) during cell operation. The onset potential for nitrogen reduction in 

electrolytes with different pH values is calculated (Figure 4b). It is found that the onset 

potentials in high-pH environment (pH ≥ 13) are more positive than those in low-pH 

environment (11≤ pH ≤12), displaying a reduced energy barrier of nitrogen reduction. In low-

pH environment (pH ≤12), limited OH- ions (≤ 0.01 M) are available in the electrolyte, showing 

small adsorption energy with low coverage of oxygen,35 thus resulting in sluggish water 
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splitting. Limited *H will be generated during water splitting, which will be attached on the 

surface of the electrode and combine with each other to produce H2 via a Tafel reaction (*H + 

*H → H2).
27 Hence, there is no generation of H3O

+ cations during water splitting. In addition, 

jNRR in high-pH environment (with H3O
+ cations) are about three-fold increases compared to 

those in low-pH environment (without H3O
+ cations) at an applied current of -10.0 mA cm-2 

(Figure 4c) or at an applied potential of -0.5 V (Figure 4d). These experimental results perfectly 

match with our previous belief, i.e., H3O
+ cations facilitate the nitrogen reduction to ammonia.  

To further confirm the viewpoint of performance enhancement in alkaline media by generating 

H3O
+ cations, nitrogen reduction properties of Pd/C nanoparticles in different electrolytes are 

investigated. LSV curves (Figure S9) show that the onset potential in the KOH electrolyte is -

0.52 V, more positive than those in the KCl electrolyte (-0.78 V) and KSCN electrolyte (-0.64 

V). The observation of reduced energy barrier for nitrogen reduction in the KOH electrolyte on 

the electrode made of Pd/C nanoparticles is consistent with that on the electrode made of Au/C 

nanoparticles. In addition, the ammonia yield rate in the KOH electrolyte (3.23 × 10-11 mol cm-

2 s-1) is also much larger than those in the KCl electrolyte (0.82 × 10-11 mol cm-2 s-1) and the 

KSCN electrolyte (1.26 × 10-11 mol cm-2 s-1) when operating the cell at a given potential of -

0.8 V (Figure S10). These results further demonstrate the ammonia production can be boosted 

with the presence of OH- anions.   

Lastly, the ammonia production rates in the KOH electrolyte (1.0 M) at different potentials are 

measured, as shown in Figure 5. At an applied potential of -0.35 V (vs. RHE), it displays a low 

ammonia yield rate of 4.82 × 10-11 mol cm-2 s-1. The ammonia yield rate increases at a more 

negative potential, resulting in an ammonia yield rate of 2.11 × 10-10 mol cm-2 s-1 at -0.5 V (vs. 

RHE). Subsequently, the rate decreases at a more negative potential, due to the enhanced side 

reaction of hydrogen evolution. The stable ammonia yield rates during intermittent cycles with 
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Ar or N2 flow at -0.5 V demonstrate that the cathode can be reversibly used for ammonia 

production.  

4. Concluding remarks 

In summary, the effect of anions in the electrolyte composition on electrocatalytic nitrogen 

reduction to ammonia is investigated. It is found that the presence of OH- anions greatly boosts 

the ammonia production performance (6.69 × 10-11 mol cm-2 s-1) as compared to other anions 

including Cl- (1.18 × 10-11 mol cm-2 s-1) and SCN- anions (1.14 × 10-11 mol cm-2 s-1). It also 

reduces the energy barrier, displaying the most positive onset potential of -0.2 V for nitrogen 

reduction among three types of anions. Such enhancement is possibly attributed to the 

appearance of hydronium ions in alkaline media, which facilitates nitrogen reduction to 

ammonia by strengthening protonation (*N2 + 6H3O
+ + 6e- → * + 2NH3·H2O + 4H2O). This 

work provides a new approach to tailor local reaction environment of the electrode for 

promoting nitrogen reduction to ammonia. 
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Figures: 

 

Figure 1 LSV curves in different electrolytes under the condition of Ar and N2 gases. (a) KOH, 

KCl and KSCN electrolytes with a concentration of 1.0 M. The onset potentials for nitrogen 

reduction in different electrolytes are labeled. (b) Current densities contributed by nitrogen 

reduction in electrolytes with a concentration of 1.0 M. (c) Potassium phosphate buffer with 

the addition of 0.01 M KOH. (d) Potassium phosphate buffer with the addition of 0.01 M KCl. 

(e) Potassium phosphate buffer with the addition of 0.01 M KSCN. 
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Figure 2 Schematic illustrations of nitrogen reduction in different media. (a-c) High-pH 

environment (pH≥13). (d-f) Low-pH environment (11≤pH≤12). 
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Figure 3 Electrocatalytic nitrogen reduction and corresponding ammonia production 

performance in electrolytes containing different anions. (a) V-t curves at a total current density 

of -10.0 mA cm-2. (b) I-t curves at a potential of -0.6 V vs. RHE. Ammonia production 

performance (c) at a given total current density of -10.0 mA cm-2 and (d) at a given potential 

of -0.6 V vs. RHE.  
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Figure 4 (a) LSV curves and (b) the onset potentials for nitrogen reduction at different pH 

values. (c) jNRR at different pH values at a total current density of -10.0 mA cm-2. (d) jNRR at 

different pH values at -0.5 V vs. RHE. 
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Figure 5 (a) I-t curves with a nitrogen flow. (b) UV adsorption curves for the detection of 

ammonia. (c) Ammonia yield rates. (d) Ammonia yield rates of intermittent cycles with Ar or 

N2 flow at -0.5 V vs. RHE.  

 

 




